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Synopsis of the thesis entitled “An Electrochemical Neutralization Cell 

to Harvest the Water Formation Energy” 

A clean transition towards the hydrogen economy from the carbon economy is inevitable 

due to the current state of the global energy landscape, which is grappling with a severe 

crisis due to growing energy demands driven by exponential population and economic 

growth. The widespread of a sustainable hydrogen economy is facing hurdles like high 

energy requirements in the major stages of hydrogen economy like hydrogen production, 

hydrogen purification, hydrogen utilization etc. In this scenario, harvesting the 

electrochemical water formation energy in an acid-alkali decoupled system provides 

significant energy and voltage benefits in driving electrochemical reactions in various 

electrochemical energy conversion devices. Although the water formation energy has 

substantial thermodynamic and technological prospects, the non-redox nature of this 

water formation reaction is barricading the electrochemical harnessing of this energy for 

several purposes. In this regard, the principal aim of this thesis is the electrochemical 

harvesting of water formation energy as an electromotive force in an acid-alkali 

decoupled architecture for electrochemical process modulations. 

The first chapter focuses on the need for innovative green energy solutions to 

advance the hydrogen economy. The shift towards a robust hydrogen economy is 

significantly challenged because most of the industrially produced H₂ fuel streams contain 

carbonaceous and non-carbonaceous impurities beyond the tolerance level of a fuel cell. 

Often, state-of-the-art purification methods are extremely energy-intensive, requiring 

extreme temperatures and pressures. To address these critical energy issues, this chapter 

highlights the possibilities of directly harnessing the energy released during water 

formation as an electrochemical driving force. This naturally non-redox and exothermic 

reaction, with a reaction voltage of approximately 0.82 V, can be harvested as an EMF 

through hydrogen redox. This offers a thermodynamically and technologically viable 

solution for hydrogen fuel purification, spontaneous heavy hydrogen production, low-

grade heat harvesting, etc. 

The second chapter explores a method to extract this energy of water formation 

by utilizing hydrogen redox reactions using a decoupled acid-alkali configuration. The 

process involves the pH-dependent hydrogen redox at the alkaline anode and the acidic  



Synopsis 

 

Ph.D. Thesis, Ritwik Mondal, IISER Pune 2 

cathode, respectively, enabling the harnessing of water formation energy as electrical 

potential. The electrochemical performance metrics of the water formation cell heavily 

depends on the pH gradient and the amount of hydrogen supply to the anolyte.  

Furthermore, employing a temperature gradient in this acid-alkali decoupled architecture 

makes it a thermogalvanic device, due to its positive entropy change of the neutralization 

pathway.  The electrical power output can be enhanced by introducing a temperature 

a b c 

d e f 

h i g 

Figure 1: (a) Pourbaix diagrams for HER and HOR reactions. (b) Galvanostatic 
polarizations at a constant current density of 40 mA/cm2 with and without H2 gas as an 
anodic feed stream. (c) Correlation between the charge passed and the remaining amount 
of H+/OH- dual ion concentration in the half cells during the long-term discharge without 
H2 as feed gas stream (10 mL/min). (d) In situ electrochemical mass spectrometry of 
cathodic half and anodic half of the water formation cell. (e) The variation of the potential 
of hydrogen redox in acidic (blue trace) and alkaline half-cells (red trace) with respect to 
surrounding temperature. The temperature dependency of open circuit voltage for (f) the 
water formation cell (g) The comparison of the Seebeck coefficient and partial molar 
entropy change between the water formation cell (WC) and the H2-O2 fuel cell (FC).(h) 
Polarisation curves with and without temperature gradient (ΔT = 55⁰) between the two 
half cells of the water formation cell. (i) Comparison of the temperature-insensitive 
maximum power density between the water formation-based (H+/OH-) and 
ferrocyanide/ferricyanide (Fe2+/Fe3+) redox-based thermogalvanic system. 
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gradient as well as a pH gradient between the two half cells of the water formation energy 

harvesting device, as shown in Figure 1. 

The third chapter showcases the purification of impure hydrogen fuel streams 

during electricity generation under ambient conditions by harnessing water-formation 

energy. Unlike conventional energy-intensive hydrogen purification techniques, this 

approach purifies impure hydrogen fuel streams from binary and quaternary impure 

mixtures in a single step during electricity generation, and the purification is affected 

under ambient weather conditions. In situ electrochemical mass spectrometry 

substantiates the consumption of hydrogen from the impure stream at the anode and the 

production of extremely pure hydrogen fuel at the cathode of the fuel purifier. 

Electrochemical polarisation, chronopotentiometry, and quantification of pure hydrogen 

confirm the viability of the hydrogen fuel purifier, Figure 2. This device achieves hydrogen 

purity of approximately 99.9% in a single step, requiring around 24 kJ of energy input 

while delivering about 90 kJ of electrical energy output per mole of purified hydrogen. 

a b c 

d e f 

Impure H
2
 streams 

Pure H
2
 stream 

H
2
 purifying cell 

PEMFC 

g 
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The fourth chapter emphasizes the removal of electrocatalyst-poisoning impurities 

such as carbon monoxide and hydrogen sulfide from impure hydrogen fuel streams under 

ambient conditions. By harnessing water formation energy as electrical power, these 

impurities can be removed in a single step at room temperature and pressure using non-

precious and poison-tolerant electrocatalysts, which in turn enhances the durability of the 

fuel purifier and lowers the overall cost of hydrogen purification. This chapter also 

a b c 

e f d 

Figure 3: (a) Polarization curves for fuel purifier with Pt-Ru/C as anodic electrocatalyst. 
Pure H2, H2-H2S (1000 ppm H2S), and H2-CO (1000 ppm CO) binary mixtures are used as 
anodic feed gas streams. (b) XRD, (c) SEM image of as-synthesized MoS2. In-situ 
electrochemical mass spectra of the cathodic half-cell of the fuel purifier with (d) Pt (e) 
MoS2 as the cathodic electrocatalyst in the presence and absence of oxygen. (f) The 
polarization curve of the Pt-free fuel purifier equipped with Ni/C as anodic electrocatalyst 
and MoS2/rGO as the cathodic electrocatalyst. The inset shows the galvanostatic 
polarization when a current of 30 mA/cm2 is drawn from the Pt-free fuel purifier. 
 
 

 

Figure 2: (a) Polarization curves for H2 purifier with pure and impure H2 gas feed streams 
(10 mL/min). (b) Galvanostatic polarizations at a constant current density of 40 mA/cm2 
with pure and impure H2 gas feed streams. The impure gas streams were H2-CO2 (1:1) gas 
mixture and H2-N2 (1:1) gas mixture. (c) Volume of H2 and Faradaic efficiency with pure 
and impure hydrogen gas feed streams. In-situ electrochemical mass spectra for (d) the 
anodic half-cell and (e) the cathodic half-cell with crude H2 gas mixture as anodic feed gas 
stream (CO2: CH4: N2: H2 = 20: 1: 4: 75). (f) The energy consumption and the purity of 
produced H2 for the spontaneous fuel purifier compared with the state-of-the-art fuel 
purification processes. (g) Photograph demonstrating spontaneous fuel purifier directly 
serving as a fuel reservoir for a commercial PEMFC. 
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discusses the viability of this fuel purifier under open-air conditions in a precious metal-

free architecture, Figure 3. 

The fifth chapter illustrates a method for spontaneous electrochemical heavy 

hydrogen generation by utilizing the energy of heavy water formation under ambient 

temperature and pressure. The decoupled heavy acid-alkali configuration provides an 

electrochemical driving force for the evolution of heavy hydrogen (D₂) in a 

thermodynamically downhill manner. This chapter discusses the electrochemical isotopic 

effect between the heavy hydrogen and light hydrogen redox reactions. In situ 

electrochemical mass spectra corroborate the heavy hydrogen production at the cost of 

light hydrogen, Figure 4. This exergonic electrochemical process produces approximately 

357 mL of D₂ over nearly 85 hours of continuous electrolysis, yielding an electrical energy 

output of 122 kJ per mole of D₂. 

 

 

a b c 

e f d 

g 
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The sixth chapter provides a summary (Figure 5) and a future outlook of the thesis. 

 

 

 

Figure 4: (a) The accessible potential difference available based on the gradients in dual 
ions concentration (pD gradients) between the electrolytes. (b) Polarisation curves for the 
two-compartment device with NaOH-H2SO4 (orange trace) and NaOD-D2SO4 (violet 
trace) dual electrolyte systems. (c) In-situ electrochemical mass spectra for the device 
NaOD-D2SO4 dual electrolytes. (d) In-situ electrochemical mass spectra for the device 
with a) NaOH-H2SO4 dual electrolytes and b) NaOD-D2SO4 dual electrolytes. (e) In situ 
electrochemical mass spectrum during chronopotentiometry staircase test of the 
spontaneous heavy hydrogen generator. (f) The proportions of D2, HD, and H2 in the 
cathodic exhaust of the heavy hydrogen generator at various stages of the long-term 
operation. (g) Photograph demonstrating spontaneous electrochemical deuterium 
generator directly serving as a D2 reservoir for a D2 air fuel generator.  
 

 

Figure 5: Water formation energy for electrochemical process modulation. 
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Chapter 1 

 

Introduction 
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1.1 Current Energy Scenario 

The global energy landscape is defined by a blend of challenges and transitions and the 

need to balance energy sustainability and affordability.1-4 The energy scenario has a 

strong -and direct connection with the worldwide economy, population, and their various 

requirements for several forms of energy.5,6 With the exponential increment in the global 

population and economic growth, the current global energy scenario faces a severe crisis 

towards these growing energy demands.7-10 The daily average energy consumption is 

around 57.6 kWh per person (2022). With approximately 8.2 billion people around the 

globe, the cumulative energy demand or energy consumption will be a scary and gigantic 

figure.11,12 This energy economy is predominantly governed (around 80 %) by fossil fuels 

or non-renewable energy sources (petroleum, oils, coal, and natural gases).13,14 The rapid 

depletion of fossil fuel sources and the environmental pollution caused by it leads to a 

transition towards renewable energies to fulfill the ongoing energy demands.15-17 

Renewable energies have the upper hand over fossil fuels with adequate resources and 

green nature.18 These energy dynamics lead to a carbon-neutral, eco-friendly energy 

economy due to zero-emission technology.19 Renewable energy stocks can be sustainable 

alternatives like solar, wind, biomass, geothermal, hydroelectric energy, etc.20-22 These 

renewable sources offer cleaner and eco-friendly energy but harnessing them efficiently 

presents challenges.18-22 For example, the Earth receives an immense amount of solar 

energy, but developing materials to fully capture it remains a complex issue.23 All these 

energy stocks are more likely converted to electrical energy, the most flexible form of 

energy, which can be used to drive electrical utilities or electrochemical energy storage 

and conversion devices.24-26 However, these renewable energies have drawbacks like 

intermittency, lack of mobility and storage, etc.27,28 In the current world, we are covered 

by a blanket of utilities and equipment run via electricity, so the demand for electricity is 

soaring very high. In these aspects, fuel cells are one of the significant energy conversion 

devices that can convert chemical energy from fuel to electrical energy.29,30 Hydrogen fuel 

cells have drawn a lot of attention in the current energy scenario because of their easy 

conversion, storage, and transportation, which leads to a robust hydrogen economy.31-35 

1.2 Hydrogen 
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Hydrogen (H) is the most abundant element in the universe.36,37 Hydrogen (Protium, 1H) 

consists of one proton at the core nucleus, surrounded by one electron. Hydrogen (H) has 

a total of three isotopes: protium or light hydrogen (1H), deuterium or heavy hydrogen 

(2H or D), and tritium (3H or T), Figure 1.1.38  

Deuterium has one extra neutron at its nucleus as compared to protium. Tritium, the 

radioactive isotope of hydrogen with a lifetime of around 12 years, has two neutrons, one 

proton, and one electron.39 Hydrogen (1H) is a colorless, odorless, and tasteless gas found 

as a diatomic molecule at room temperature.40,41 At 25°C, hydrogen's solubility in water 

is about 7.79×10−4 mol/L. Hydrogen (1H) has a very low density of 0.08988 g/L, which 

makes it 14 times lighter than air.42,43 Apart from these physical properties, hydrogen can 

act as an excellent energy carrier or fuel because it will form only water (H2O) upon 

oxidation instead of greenhouse gases.44 Hydrogen (1H) offers a very high gravimetric 

energy density of 120 MJ/kg at 25°C, which is even 3 times higher than gasoline.45 To 

address the growing energy crisis and inconsiderate pollution, the hydrogen economy 

becomes a crucial alternative with a near-zero carbon footprint.46 It is to be noted that 

hydrogen redox, like hydrogen evolution and hydrogen oxidation, are quintessential 

aspects of a robust hydrogen economy.47 

1.3 Hydrogen Economy 

The hydrogen (H2) economy mainly consists of the utilization, production, purification, 

storage, and transportation of hydrogen (H2), with the most important steps being 

production, purification, and utilization.48-51 This vision evolves as H2 becomes a clean 

energy carrier involved in technological growth and innovative infrastructures in various 

Figure 1.1: Isotopes of hydrogen.  
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sectors like industry, transportation, etc.52-54 With a substantial gravimetric energy density 

value, H2 has the potential to be an ideal green energy carrier.45,55 It is often called the fuel 

of the future due to its high conversion rate and long-term storage options.53 Renewable 

energies can also be integrated into the hydrogen economy to produce green hydrogen.56 

Due to the limited options for fossil fuels, hydrogen is directing the energy economy for 

the near-future energy landscape.50-53  

1.3.1 Hydrogen Utilization 

One of the key portions of the hydrogen (H2) economy is hydrogen utilization or the 

demand for hydrogen in various sectors.52 Hydrogen can be utilized in hydrogen fuel cells, 

transportation (fuel cell electric vehicles), energy storage, chemical sectors, industrial 

heating, etc.51-54 Intermittent renewable energies can be stored as H2 for future utilization 

or transportation. H2 can power the electric motor of fuel cell electric vehicles (FCEV) by 

producing electricity in an H2 – O2 fuel cell.35 

1.3.2 Fuel Cells 

Fuel cells are electrochemical energy conversion devices that directly convert the 

chemical energy of fuels into electrical energy.31-33 Sir William Robert Grove, a Welsh 

inventor and physicist, invented the first fuel cell around the year 1839.57 He termed his 

device a “gas battery” because it was propelled by combining hydrogen and oxygen gases 

in the presence of an electrolyte to produce electricity.58,59 Ludwig Mond and Charles 

Langer, in 1889, attempted to create a functional fuel cell, followed by William White 

Jaques.50 In 1959, Francis T. Bacon demonstrated a five-kilowatt fuel cell known as the 

“Bacon Cell”.60,61 There are various types of fuel cells like alkaline fuel cells (AFC), solid 

oxide fuel cells, polymer electrolyte membrane fuel cells (PEMFC), direct alcohol fuel 

cells (DAFC), and molten carbonate fuel cells, etc, which are differentiated based on their 

electrolyte type and operating conditions.62 Fuel cells have two half-cells connected with 

an external circuit and separated via an ion exchange membrane.32 Among them, 

hydrogen fuel cells (HFC) hold significant promise in decarbonizing the industrial energy 

and transportation sector.33 

1.3.3 Hydrogen Fuel Cells 
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A commercial hydrogen fuel cell (HFC) is a type of polymer electrolyte membrane fuel 

cell (PEMFC), which is also known as a proton exchange membrane fuel cell.63,64 It mainly 

consists of a hydrogen anode, an oxygen cathode, and a proton exchange membrane to 

separate them, Figure 1.2.65  

Hydrogen gas and oxygen gas are used as the fuels for HFC.66 On the anodic 

electrocatalyst, hydrogen oxidation occurs (eq 1.1) to form protons (H+) by releasing 

electrons.33 These electrons pass through the external circuit by powering the external 

load to the cathodic half of the fuel cell. In the cathodic electrocatalyst, these electrons 

are accepted by oxygen to form water (eq 1.2). These two half-cells are separated by a 

proton-exchange membrane, which conducts protons during the redox reactions. This 

device exhausts heat and water molecules, which is evident from the overall cell reaction 

(eq 1.3).33  

Anodic half-cell reaction:  

 4H+ + 4e−   ↔  2H2  E⁰ = 0 V  (eq 1.1) 

Cathodic half-cell reaction:   

O2 + 4H+ + 4e−  ↔  2H2O  E⁰ = 1.23 V  (eq 1.2) 

Overall cell reaction:   

2H2 + O2   ↔  2H2O  E⁰cell = 1.23 V (eq 1.3) 

Figure 1.2: Schematic of hydrogen fuel cell.  
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The open circuit potential of a commercial hydrogen fuel cell is around 1.23 V, 

which can generate kilowatt-level power density along with current density in the ampere 

range.67,68 The benchmark electrocatalysts for hydrogen fuel cells are platinum-based 

electrocatalysts, capable of catalyzing hydrogen oxidation reaction (HOR) and oxygen 

reduction reaction (ORR).69-71 Despite being a clean and portable energy source, it has 

some drawbacks, like precious electrocatalysts and a supply of very pure hydrogen.72 The 

anodic feed impurities should not exceed the tolerance level (5 ppb to 1 ppm) of 

commercial hydrogen fuel cells.73-76 If the impurity exceeds the tolerance level of an HFC, 

the electrocatalysts can be poisoned, and overall performance efficiency will be 

drastically hampered.74,75 In order to maintain the electrical power delivery of a hydrogen 

fuel cell, around 99.99% of pure hydrogen fuel is required as the anodic feed for a 

commercial hydrogen fuel cell.78 For the long-term operational durability of an HFC, the 

industrially produced hydrogen must be purified to match the tolerance level of the 

hydrogen fuel cell.  

1.3.4 Hydrogen Production 

To maintain a robust hydrogen economy, there must be secured production or supply of 

hydrogen to meet the growing demand for hydrogen.49,50 Hydrogen is the most abundant 

element in the universe but does not exist in its pure form on Earth.36 

Industrially, steam-reforming of methane gas produces H2 with a carbon dioxide 

byproduct.79,80 The natural gas (methane, CH₄) reacts with steam at high temperatures 

(700°C–1,000°C) in the presence of a catalyst (nickel or platinum) to produce hydrogen 

(H2), carbon monoxide, and a small amount of carbon dioxide (eq 1.4).79-81 The carbon 

monoxide is then reacted with steam in a second step, called the water-gas shift reaction 

(eq 1.5), to produce additional hydrogen and carbon dioxide.82 Blue or grey hydrogen can 

be produced via this method. 

Steam methane reformation 

CH₄ + H₂O → CO + 3H₂    (eq 1.4) 

Water-gas shift reaction 

CO + H₂O → CO₂ + H₂    (eq 1.5) 
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Coal gasification is one of the methods to produce H2, where coal reacts with 

oxygen and steam at high temperatures to produce a gas mixture called syngas.83-85 

Syngas is a mixture of hydrogen, carbon monoxide, methane, and carbon dioxide when 

the proportion of H2 is around 30 %.86 Black or brown hydrogen is generated at the end 

of this method. 

Biomass gasification involves breaking down biomass such as agricultural waste, 

forest waste, or other bio-bodies at very high temperatures with oxygen or steam.87,88 This 

also produces syngas, which can be purified to extract hydrogen.89 This method leads to 

grey or blue hydrogen. 

Thermochemical water splitting is one of the processes that generate hydrogen. 

This process uses high-temperature heat to perform chemical reactions that cause water 

splitting to form hydrogen and oxygen.90 If the driving force for the chemical reaction is 

driven by nuclear reaction, then the produced hydrogen is called pink hydrogen.91 

In the partial oxidation method, several types of hydrocarbons, such as natural 

gas, petroleum, etc, are reacted with oxygen to produce hydrogen and carbon monoxide. 

High temperature is not required.92,93 The hydrogen produced by this method is called 

blue hydrogen. 

In the methane pyrolysis method, methane is heated at around 1,500°C in the 

absence of oxygen, producing hydrogen gas and solid carbon (typically in the form of 

carbon black).94,95 This process does not emit any greenhouse gases. This type of 

hydrogen is called turquoise hydrogen.96  

Electrochemical water splitting is one of the green methods to produce hydrogen 

and oxygen.97-99 This hydrogen is also called green if the electrical driving force is derived 

from renewable resources.41,100 It utilizes electricity to split the water into fuel. This 

electricity can be generated via renewable energy (solar energy, wind energy, etc) 

stocks.101 Hydrogen is classified into various colors based on its production process, as 

illustrated in Figure 1.3. As noted before, hydrogen redox, including hydrogen evolution 

reaction and hydrogen oxidation reaction, are essential reactions involved during the 

hydrogen production stage and utilization stage, respectively, in corresponding 

electrochemical devices.102 
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1.4 Hydrogen Redox 

Hydrogen redox mainly consists of hydrogen oxidation reaction (HOR) and hydrogen 

evolution reaction (HER). Hydrogen redox is the pillar of the hydrogen economy.  

1.4.1 Hydrogen Oxidation Reaction 

Hydrogen oxidation reaction (HOR) is one of the main pillars of a robust hydrogen 

economy. This reaction leads to the release of electrons, which is essential for power 

generation in a fuel cell.103 Hydrogen fuel is oxidized at the anode of a hydrogen fuel cell 

to form protons, leading to the liberation of electrons (eq 1.6), which will be accepted by 

oxygen molecules at the cathode.104  

              H2
 ↔   2H+ + 2e−      (eq 1.6) 

This HOR is a pH-dependent reaction, and the hydrogen oxidation reaction is more facile 

in acidic electrolytes.105 The benchmark electrocatalysts for hydrogen oxidation reaction 

are majorly precious metal-based electrocatalysts.106-111 Platinum (Pt) is the most widely 

used and highly efficient electrocatalyst for the hydrogen oxidation reaction, known for 

its exceptional catalytic performance, especially in acidic conditions.112,113 It effectively 

adsorbs hydrogen molecules, aiding their breakdown into protons and electrons. 

However, platinum is both scarce and costly, and its efficiency can be compromised by 

impurities like carbon monoxide (CO), which can poison the catalyst by occupying its 

Figure 1.3: Hydrogen color spectrum.  
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active sites.114,115 There are other metals like palladium (Pd), ruthenium (Ru), nickel (Ni), 

and Pt-Ru alloys, etc which can be utilized as electrocatalysts for hydrogen oxidation 

reactions.106-111 The reaction mechanism of the HOR is defined by the adsorption and 

dissociation of hydrogen molecules on the surface of the electrocatalyst.116 A highly 

efficient commercial hydrogen fuel cell is governed by how quickly and efficiently the 

catalyst can adsorb, dissociate, and oxidize hydrogen molecules to release electrons. In 

this respect, platinum stands out as a benchmark electrocatalyst for HOR as it has a strong 

hydrogen atom binding, as well as a rapid dissociation of hydrogen atoms from the 

surface.110,112,113 Very strong hydrogen binding and a sluggish rate of dissociation of 

hydrogen from the surface of the electrocatalyst can hinder the hydrogen oxidation 

reaction kinetics.116,117 The required potential for the hydrogen oxidation reaction is 

approximately 0 V with respect to the reversible hydrogen electrode (RHE) under 

standard conditions and pH = 0. From a pragmatic point of view, overpotentials are 

required, such as extra voltage, to run the reaction. For a certain electrocatalyst, the 

magnitude of overpotential for a reaction is different, and lower overpotentials are 

desirable to improve the overall efficiency of the fuel cell. 

1.4.2 Hydrogen Evolution Reaction 

Hydrogen evolution reaction (HER) is one of the pivotal electrochemical reactions in 

principle. The green hydrogen is mainly produced by an electrochemical hydrogen 

evolution reaction in an electrolyzer.97,98 In a renewable energy economy, hydrogen gas 

is the means to store renewable energy for future utilization. Proton (H+) or water 

molecules get reduced to form hydrogen (H2) gas via accepting electrons, (eq 1.7,1.8). 

This reaction heavily depends on the pH of the electrolyte or the concentration of protons 

in the solution.105  

Acidic media 

  2H+ + 2e− ↔  H2     (eq 1.7) 

Alkaline media 

        2H2O + 2e− ↔ H2 + 2OH−      (eq 1.8) 
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Hydrogen evolution reactions can be catalyzed by various electrocatalysts. The 

benchmark electrocatalysts are majorly platinum-based due to their exceptional catalytic 

properties, including their ability to rapid proton reduction and hydrogen gas generation 

at very low overpotentials.111, 118-120 Platinum exhibits ideal hydrogen binding energy, 

meaning it can effectively adsorb and desorb hydrogen atoms during the HER in both 

acidic and alkaline media.121-124 Nickel, cobalt, and iron-based electrocatalysts are also 

capable of catalyzing hydrogen evolution reactions but with relatively higher 

overpotential than platinum.125-127 HER can also be performed on some transition metal 

chalcogenides due to their electronic properties.125,128 Majorly, the HER mechanism 

proceeds via two pathways: Volmer-Heyrovsky and Volmer-Tafel mechanism.129-132 The 

thermodynamic potential of HER is approximately 0 V (vs standard hydrogen electrode) 

in acidic media and − 0.83 V (vs standard hydrogen electrode) in alkaline media. Some 

electrocatalysts are active in acidic media, and some show facile HER in alkaline 

media.118-124 Robust and sustainable electrocatalysts with low overpotentials are the need 

of the hour to make the hydrogen economy a viable alternative.   

Deuterium (2H or D) is the heavier isotope of protium or light hydrogen (1H).133 

Deuterium is also known as heavy hydrogen.134 It has one extra neutron in the nucleus as 

compared to light hydrogen. Due to an extra neutron in the nucleus of deuterium, the 

mass of D is double the mass of H. Deuterium is the third most abundant element in the 

whole universe, but the natural occurrence on Earth is very low, only 0.015%.133-135 

Deuterium has slightly different physical and electrochemical behavior due to the mass 

difference.136 Heavy hydrogen has several applications in nuclear reactors, nuclear fusion 

reactions, the chemical industry, the pharmaceutical sector, medicinal drug development, 

etc.137-142 Deuterium or heavy hydrogen mostly exists as deuterium oxide (D2O) in Earth's 

water bodies (30 ppm D2O in seawater). D does not exist in its gaseous form on the earth, 

it exists as heavy water, D2O. Deuterium separation from protium or light hydrogen is 

mainly called the deuterium production process. There are several ways to produce 

deuterium in industry.143 Fractional distillation is a way to separate D and H, as D and H 

have different boiling points.143,144 Laser isotope separation is a method to separate 

deuterium from hydrogen, based on differences between energy levels.145,146 Thermal 

diffusion and chemical isotope exchange are some other methods to separate deuterium 

from a mixture of isotopes.147 Mostly this separated deuterium is in liquid state as 
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deuterium oxide. Electrolysis or electrochemical splitting of this heavy water is the 

primary and major method to produce deuterium on an industrial scale.148,149 By applying 

a potential (more than 1.23 V), Liquid D2O or acidified D2O (D2O + D2SO4) can be 

electrolyzed at the precious metal-based electrode (Pt, Pd, Ir, etc.) to form oxygen (O2) 

and deuterium (D2) gas, (eq 1.9).150-152 

    2D2O → 2D₂ + O₂    (eq 1.9) 

Electrochemical heavy water (D2O) splitting requires slightly more potential as compared 

to electrochemical light water (H2O) splitting. Photocatalytic heavy water splitting is an 

alternative technique to produce deuterium by applying light into the system.153 Often 

these methods are energy intensive with substantial cost implications in the deuterium 

industry. 

1.4.3 Impurities in a Fuel Stream 

It is a major concern that most of the methods for hydrogen production led to impure 

streams of hydrogen (H2), which is majorly contaminated by carbon monoxide (CO), 

carbon dioxide (CO2), hydrogen sulfide (H2S), and methane (CH4), etc.154-156 Around 95% 

of overall produced H2 (blue, black, brown, and grey hydrogen, etc) is in the impure form 

with carbonaceous and non-carbonaceous impurities.157 To address these concerns, these 

impure fuel streams are purified via several techniques (as detailed below) before utilizing 

in commercial hydrogen fuel cells. Therefore, industrially produced H2 needs to be 

purified before feeding to commercial hydrogen fuel cells; otherwise, it can pose a threat 

to the architectural components of the fuel cells. 

There are various gaseous and non-gaseous impurities in the hydrogen fuel 

streams.154 These impurities can contaminate the fuels mainly during hydrogen 

production, storage, or distribution. Impurities in hydrogen fuel streams can greatly affect 

the electrocatalysts, performance, durability, and safety of fuel cells and other hydrogen-

oriented technologies.73-75,114 Some of these contaminants can be poisonous to the 

electrocatalysts of the fuel cell, which can severely damage the expensive electrodes and 

decay the fuel cell performance in the long run.74-76 Often, they can irreversibly bind to 

the electrocatalyst and decrease the fuel cell performance.73-76 

1.4.3.1 Poisonous Impurities 
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Carbon monoxide (CO) is often incorporated during hydrogen production via processes 

like steam methane reforming (SMR) or partial oxidation of hydrocarbons.79,80 CO strongly 

adsorbs to the platinum catalysts used in commercial hydrogen fuel cells, thereby 

"poisoning" the catalyst and reducing the fuel cell’s efficiency.75,76,114,115 CO can form a 

linear or bridge bonding to the platinum metal and block the active electrocatalytic sites 

of platinum as follows (eq 1.10, 1.11).158,159  

Linear bonding 

    Pt + CO → Pt− C≡O+   (eq 1.10) 

Bridge bonding  

              2Pt + CO → Pt2C=O    (eq 1.11) 

This will decrease the extent of the hydrogen oxidation reaction in the fuel cell and 

drastically degrade the fuel cell's performance or efficiency.160,161 Even concentrations as 

low as a few parts per million (ppm) can significantly affect the performance of a hydrogen 

fuel cell.73,159 

Hydrogen sulfide (H2S) is another poisonous impurity that spoils the platinum 

electrocatalyst of the hydrogen fuel cell.73 Sulfur can irreversibly bind with platinum, 

leading to severe degradation of both performance and durability (eq 1.12,1.13).162 If the 

hydrogen is produced from fossil fuels or biomass, H2S can be present in the hydrogen 

fuel streams. Few parts per billion (ppb) can cause severe damage to the 

electrocatalyst.73,74,162 

   Pt + H2S → Pt−Sads + H2    (eq 1.12) 

   Pt−H + H2S → Pt−Sads + 1.5 H2   (eq 1.13) 

1.4.3.2 Non-poisonous Impurities 

Carbon dioxide (CO2) is the major carbonaceous, non-poisonous impurity that can be 

present in the fuel stream.154 It can be incorporated into the fuel stream through the 

production of hydrogen via steam methane reforming, coal gasification, etc.80-83 Carbon 

dioxide in the fuel stream can reduce the partial pressure of hydrogen in the stream, which 

in turn can decrease the cell voltage of the device. Further, this can decrease the extent 
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of hydrogen oxidation reaction at the anode, followed by fuel cell energy output. Carbon 

dioxide can also deteriorate the electrolyte of commercial fuel cells when the used 

electrolyte is alkaline.163 

Nitrogen (N2) can be present in the hydrogen fuel stream when the fuel is produced 

via partial oxidation technique. The presence of nitrogen in the fuel stream reduces the 

partial pressure of hydrogen fuel, leading to a reduced fuel cell performance. Ammonia 

(NH3) may be introduced in hydrogen fuel streams when hydrogen is produced via 

processes like ammonia reforming, or it may contaminate the hydrogen streams when 

the reforming is carried out in nitrogen-rich environments.164,165 Ammonia can directly 

degrade the electrolyte by reacting with the proton present in the acidic electrolyte, which 

reduces fuel cell efficiency, particularly in PEM fuel cells.166,167 

Moisture or water vapor (H2O) can infiltrate the fuel stream during any of the 

hydrogen fuel production, storage, or transportation phases, especially when hydrogen is 

kept in environments with high humidity. Excess water or moisture in the fuel stream can 

lead to fuel cell flooding, deteriorating hydrogen fuel cells and their efficiency.168-171 

Methane and other hydrocarbons may remain in the hydrogen stream as the 

residue of steam methane reforming (SMR) or other hydrocarbon reforming.79,81 Methane 

does not react with the components of the fuel cells at room temperature, but it decreases 

the hydrogen concentration in the fuel stream, lowering the fuel's energy density. 

All these warrant the purification of hydrogen fuel streams to the tolerance level 

(Table 1.1) of hydrogen based device before feeding them to hydrogen utilization devices 

like hydrogen-oxygen fuel cells. 

Table 1.1: The permissible quantities of impurities in an ultra-high pure (UHP) hydrogen 

fuel. 

Impurity Permissible Quantity (ppm) 
Nitrogen (N2) 100 

Carbon dioxide (CO2) 2 
Methane (CH4) 2 

Carbon monoxide (CO) 0.2 
Hydrogen sulfide (H2S) 0.004 

 

1.4.4 Hydrogen Purification 
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There must be a step of hydrogen purification between the production and utilization of 

hydrogen (Figure 1.4) for a sustainable hydrogen economy. Impure hydrogen streams 

can be purified via various techniques mentioned below. 

Pressure swing adsorption (PSA) is a technique where H2 is purified by varying the 

pressure, which leads to gas adsorption on materials like zeolites or activated carbon.172 

At high pressure, impurities are selectively adsorbed onto the adsorbent material.173 The 

adsorbed gases are released from the material by reducing pressure.173 Though this 

method results in 99.9% fuel purity, it is energy intensive as it requires around 100 to 

400°C and a high pressure of 5 to 25 bars.174-176 

The membrane separation technique requires a porous membrane where gases 

can pass selectively through the membrane based on the sizes of the gas molecules and 

pour sizes of the membrane.177-179 The membranes used in these cases are polymeric or 

metallic in nature.178 When an impure fuel stream is passed through these membranes, 

some gases can pass through, and some are stuck on one side of the membrane. Being 

very small in size, hydrogen gas molecules can diffuse through the membrane swiftly and 

get purified on the other side of the membrane.177,179 This method produces a very high 

purity of 99.99% fuel but requires extreme conditions like high pressure and high 

temperate (200-400°C) and expensive membranes.177-181 

Cryogenic distillation purifies hydrogen from impurities based on their different 

boiling points. The impure fuel mixture is cooled at around -85°C until the contaminants 

liquefy or solidify, resulting in highly pure hydrogen gas.182,183 This process is highly energy 

intensive due to the cryogenic temperature requirements and the need for costly and 

sophisticated infrastructure.182-184 

Figure 1.4: Various stages of hydrogen economy.  
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Metal hydride separation is a method of fuel purification that mainly depends on 

the capability of some metals (magnesium or palladium) to form metal hydrides by 

absorbing hydrogen at specific temperatures and pressures.185 After the adsorption of 

hydrogen into the metals, it is separated from impurities, which do not get specifically 

adsorbed like hydrogen.186 This purified hydrogen can be regenerated by heating the 

metal hydride. 

Electrochemical purification occurs in an electrochemical cell where an impure 

hydrogen (H2) stream is oxidized to form protons at the anodic half-cell by applying an 

electric field.187-189 The protons pass through the ion exchange membrane towards the 

cathodic half and get reduced to form hydrogen (H2) at the cathode. Under an applied 

potential, the impure mixture is fed at the anode, and pure hydrogen will be evolved at 

the cathode.188-190 This purification method requires high applied potential and external 

energy to purify impure hydrogen fuel. Other than these purification methods, chemical 

purification, scrubbing, etc., are mild-scale purifying processes.191 All these purification 

techniques are no doubt essential, but these methods require extreme pressures and 

temperatures, high energy input, and sophisticated equipment, which stand as barriers in 

the future of the hydrogen economy. The fact that more energy/cost is required to 

produce hydrogen than that it can be recovered during its utilization stage derails the 

journey toward the implementation of a robust hydrogen economy. It is the need of the 

hour to explore novel methodologies and pathways to make the hydrogen economy a 

viable alternative to fossil fuel based energy economy. 

1.5 Aim and Scope of the Thesis 

The major aim of this thesis is to directly harness water formation reaction energy for 

hydrogen fuel purification, spontaneous heavy hydrogen production, and low-grade heat 

harvesting. Water formation energy refers to the energy released during the formation of 

water molecules (eq 1.14) via combining proton (H+) and hydroxyl (OH-) ions. This water 

formation reaction releases a huge amount of energy in the form of heat, and harvesting 

this energy has huge technological implications. Annually, around 100 million tons of 

global acidic waste are being dumped into water bodies after neutralizing the waste acids. 

This huge amount of wasted energy corresponds to 44 TWh of electrical energy. Being 

non-redox in nature, the water formation reaction lacks electron transfer, which makes 
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the water formation energy harvesting extremely challenging. The major focus of this 

thesis is to directly interconvert this heat energy as an electrochemical driving force for 

several electrochemical reactions via a hydrogen redox in a decoupled acid-alkali device.  

Water formation is an exothermic and spontaneous process with a standard molar 

enthalpy change (∆H0) of − 55.84 kJ mol-1 and a standard entropy change (∆S0) of 80.66 

J mol-1 K-1, Calculation 1.1. Therefore, this water formation reaction has a standard molar 

Gibbs free energy change (∆G0) of − 79.9 kJ mol-1.  Based on this, 0.82 V of electromotive 

force can be harvested from the water formation energy, Calculation 1.1. As the entropy 

changes for this water formation energy is positive in nature, it can extract energy from 

the surroundings during operation. This leads to a thermodynamic efficiency value 

greater than 1. The energy generated by water formation heavily depends on the pH of 

both half-cells of an electrochemical energy conversion device, Calculation 1.2. In other 

words, the Gibbs free energy of the water formation energy directly correlates to the 

concentration of acid and alkali in two specific half-cells of the device. 

Calculation 1.1 

Water formation reaction from H+ and OH- dual ions 

H+ + OH− ↔ H2O                                                            (eq 1.14) 

Enthalpy changes for the reaction. 

∆H0 = H0 (H2O) – H0 (H+) – H0 (OH−)  

       = – 285.8 – 0 – (– 230) 

       = – 55.8 kJ/mol 

Entropy changes for the reaction 

∆S0 = S0 (H2O) –S0 (H+) – S0 (OH−)  

       = 69.91 – 0 – (– 10.75) 

       = 0.08066 kJ/K mol 

Gibbs free energy of the reaction 

∆G0 = ∆H0 – T∆S0 
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            = – 55.8 – (298 * 0.08066) 

        = – 79.875 kJ/mol 

Thermodynamic efficiency () = ∆G0/∆H0 = 1.43 

∆G0 = – nFE0 

   E0 = – ∆G0 /nF 

   E0 = – (– 79875)/1*96500 

   E0 = 0.82 V 

Calculation 1.2 

The total cell reaction for the water formation cell is:  

H+ (aq) + OH− (aq) → H2O (l)                                                           (eq 1.14) 

The free energy change for that reaction can be written as follows: 

∆G = ∆Go + RT ln (
𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡⁄ ) 

∆G = ∆Go+ RT ln (
[𝐻2𝑂]

[𝐻+][𝑂𝐻−]⁄ )         

∆G = ∆Go– RT ln [H+] – RT ln [OH−]  

∆G = ∆Go– RT 2.303 (log[H+] + log [OH−])  

∆G = ∆Go– RT 2.303 (-pH - pOH)  

∆G = ∆Go+ RT 2.303 (pH + pOH) 

∆G = ∆Go+ RT 2.303 (pHA + 14 – pHB), 

where pHA = pH of acidic electrolyte and pHB = pH of alkaline electrolyte 

∆G = ∆Go+ RT 2.303 (pHA – pHB) + RT 2.303*14 

∆G = ∆Go– RT 2.303 ∆pH + RT 2.303*14                           (pHB>pHA) 

∆G = – 79.8 – 5.7∆pH + 79.8 

∆G = – 5.7 ∆pH 
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E = −∆𝐺
𝑛𝐹⁄  = 0.059 ∆pH                                          (eq 1.15) 

From eq 1.15, it is obvious that the Gibbs free energy of the water formation reaction is 

proportional to the pH gradient between two half-cells of the electrochemical energy 

device. If the pH gradient is higher, the energy output is also higher. It is necessary to 

have a pH gradient to avail the water formation energy as potential output.  

Anodic half-cell reaction:  

2H2O + 2e−  ↔  H2 + 2OH−    (eq 1.16) 

Cathodic half-cell reaction:   

2H+ + 2e−  ↔  H2              (eq 1.17) 

Overall cell reaction:   

2H+ + 2OH−  ↔  2H2O   (eq 1.18) 

Being a thermodynamically exciting reaction with huge industrial relevance, direct 

harnessing of water formation energy as electromotive force offers new avenues and 

possibilities for electrochemical process modulations. As noted before, the major 

challenge involved in their interconversion as EMF is the non-redox nature of the water 

formation reaction. In the work outlined in this thesis, this challenge is overcome via a 

hydrogen redox (eq 1.16, 1.17, and 1.18) in a decoupled acid-alkali device with 

tremendous possibilities for hydrogen fuel purification, spontaneous heavy hydrogen 

production, and low-grade heat harvesting during electricity production. The thesis is 

organized into the following chapters. 

1.5.1 Chapter 1 

This chapter rationalizes the requirement of innovative green energy stocks to maintain 

the current energy scenario and hydrogen economy. For a carbon-free, eco-friendly 

future, the world is transitioning from fossil fuel to a hydrogen-based energy economy, 

where H2 acts as a green fuel to be utilized in fuel cells to generate electrical energy for 

multiple purposes.  This H2 economy is majorly hindered by impure H2 fuel streams and 

highly energy-intensive fuel purification techniques. To resolve these severe energy 

concerns, direct harvesting of water formation energy as an electrochemical driving force 
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is proposed from a thermodynamic and technological standpoint. This reaction is 

naturally non-redox and exothermic, and the reaction voltage (around 0.82 V) can be 

directly harvested as EMF by utilizing hydrogen redox. In the upcoming chapters, the 

application prospects of this water formation during electricity production are elucidated 

for various electrochemical process modulations.  

1.5.2 Chapter 2 

Being a non-redox reaction, capturing the water formation energy in a redox cell holds 

challenges due to the absence of electron flow in the system. This chapter sheds light on 

the method for extracting the energy of the water formation reaction by performing 

hydrogen redox in a decoupled acid-alkali configuration. The employment of hydrogen 

oxidation reaction at the alkaline anode and hydrogen evolution reaction at the acidic 

cathode assist in harvesting the water formation energy as electrical potential. This 

electrical power output can be maximized by introducing a temperature gradient between 

the two electrodes of this device due to its positive entropy change. 

1.5.3 Chapter 3 

This chapter deals with the purification of impure hydrogen fuel streams during electric 

power production under ambient weather conditions by utilizing water-formation energy. 

Unlike energy-intensive conventional hydrogen purification methods, the fuel purifier 

based on water formation energy purifies the impure hydrogen fuel streams during 

electricity production. This spontaneous hydrogen purifier can continuously release pure 

hydrogen as long as an acid-base gradient is maintained within the device. Fuel mixtures 

with various impurities can be purified to 99.9 % purity in a single step, requiring 24 kJ 

of energy input and yielding 90 kJ of electrical energy output per mole of pure hydrogen.  

1.5.4 Chapter 4 

This chapter deals with separating electrocatalyst poisoning impurities from impure 

hydrogen fuel streams under ambient conditions. Impurities like carbon 

monoxide and hydrogen sulfide can irreversibly bind with the platinum electrocatalyst of 

a hydrogen fuel cell and drastically decrease the performance in the long run. By 

harvesting the water formation energy as electrical power, these poisonous impure 
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streams can be purified in a single step at room temperature and pressure. The 

employment of non-precious and poison-tolerant electrocatalysts in the anode of the fuel 

purifier further leads to improvement in the durability of the device further reduces the 

cost of fuel purification using this approach.  

1.5.5 Chapter 5 

This chapter explores a way toward spontaneous electrochemical heavy hydrogen 

evolution by harnessing the heavy water formation energy under ambient temperature 

and pressure. Exploiting the pD gradient in a heavy water formation cell provides 

an electrochemical driving force for heavy hydrogen (D2) evolution in a 

thermodynamically downhill manner. This exergonic electrochemical process produces 

approximately 357 mL of D₂ over nearly 85 hours of continuous electrolysis, delivering a 

corresponding electrical energy output of 122 kJ per mole of D₂. 

1.5.6 Chapter 6 

This chapter offers a concise summary and presents future perspectives for the research 

discussed in this thesis. 
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Abstract 

Low-grade heat harvesting has emerged as a promising strategy to recover and 

interconvert waste heat into usable energy. Among various heat harvesting methods, 

aqueous thermogalvanic systems are a promising alternative with their low cost, safety, 

and superior ionic conductivity. The water formation energy from H⁺ and OH⁻ ions is 

explored to enhance the heat harvesting from the surroundings owing to its positive 

entropy change, leading to the interconversion of entropic heat as an electrical driving 

force. This proposed approach combines hydrogen redox reactions in a decoupled H⁺ 

and OH⁻ asymmetric thermogalvanic device with temperature gradients, thereby 

increasing voltage and power outputs. This water formation-based thermogalvanic 

device has a high temperature-insensitive maximum power density as high as   34.7 

mWcm-2K-2, which is around 70 times higher than the state-of-the-art ferrocyanide-

ferricyanide-based thermogalvanic devices, thereby paving the way for efficient heat 

harvesting solutions. 

 

 

 

Declaration: The work in this chapter is original and has not yet been published 

anywhere. (Manuscript under preparation)  
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2.1 Introduction 

The growing global energy requirement, accelerated by population and industrial 

expansion, has made the need for sustainable and efficient energy solutions inevitable.1-4 

Traditional energy sources, such as fossil fuels, not only have limited reserves but also 

contribute significantly to environmental challenges like greenhouse gas emissions and 

climate change.5,6 Not only limited energy stock but also the wastage of energy in the 

form of heat drives this energy imbalance to a different level.7 Due to these factors, heat 

harvesting has emerged as a promising approach to utilize or store waste heat for energy 

recovery and conversion.8,9 Heat harvesting deals with converting dissipated heat from 

industrial power plants, natural heat gradients, and daily energy dissipation into usable 

energy forms.10-12 Electrochemical heat harvesting capitalizes on the thermodynamic 

properties of electrochemical processes to convert dissipated thermal energy directly into 

electrical energy in a thermogalvanic cell.13-15 Based on the Seebeck effect, the 

thermogalvanic cell mainly focuses on the generation of additional overall cell potential 

due to a temperature gradient (ΔT) in the presence of temperature-dependent redox half 

cells.15-17 When one side of the thermogalvanic cell is raised to a higher temperature than 

the other half, the temperature gradient drives a difference in the reaction potentials of 

the two electrodes, which causes the redox couple to generate a voltage.18 The potential 

(ΔE) generated due to the temperature difference (ΔT) and the Seebeck coefficient (α), is 

related to the equation ∆𝐸 = 𝛼. Δ𝑇.17-19 Solid-state thermoelectric devices can show 

durability at high temperatures but have high costs and limitations of suitable materials.20 

Non-aqueous Li-ion-based thermogalvanic systems have good conversion efficiency, but 

electrolyte degradation in high temperatures is a barrier for these systems.21,22 Organic 

redox electrolytes with high Seebeck effects are also utilized to improve the efficiency of 

thermogalvanic systems, but they lack conductivity and mass transport and possess non-

toxic traits.23-25 Due to these reasons, aqueous thermogalvanic systems have emerged as 

a potential electrochemical heat harvesting device due to their low cost, safe, non-toxic 

electrolytes, superior ionic conductivity, high mass transport, and availability of a variety 

of redox systems, etc.14,26,27 The main challenges for electrochemical heat harvesting via 

thermogalvanic systems are low heat-to-power conversion, low partial molar entropy 

change, low solubility of redox couple and lower potential output, etc.13,28-30 
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Currently, the water formation energy generated from the combination of H+ and 

OH- ions has been investigated to enhance the electrical proficiency of electrochemical 

energy storage and conversion devices.31-35 Water formation reaction can extract heat 

from the surroundings and convert it into an electrochemical driving force due to positive 

entropy change and positive Seebeck coefficient, Calculation 2.1. The introduction of 

hydrogen redox in a water formation cell addresses the issue of electron transfer caused 

by the non-redox nature of the water formation reaction. Deviating from conventional 

symmetric thermogalvanic systems, an electrochemical water formation cell is employed 

to harvest the temperature gradient between two asymmetric half-cells. The alkaline 

anodic hydrogen oxidation at cold temperatures coupled with hot acidic cathodic 

hydrogen evolution provides an opportunity to increase the voltage output for the water 

formation cell. The incorporation of temperature gradient as well as pH gradient in a 

water formation cell can maximize the overall electrical energy output of the 

thermogalvanic device. 

Calculation 2.1 

Water formation reaction from H+ and OH- dual ions 

H+ + OH- ↔ H2O                                                           

Enthalpy changes for the reaction. 

∆H0 = H0 (H2O) – H0 (H+) – H0 (OH-)  

       = – 285.8 – 0 – (– 230) 

       = – 55.8 kJ/mol 

Entropy changes for the reaction 

∆S0 = S0 (H2O) –S0 (H+) – S0 (OH-)  

       = 69.91 – 0 – (– 10.75) 

       = 0.08066 kJ/K mol 

Gibbs free energy of the reaction 

∆G0 = ∆H0 – T∆S0 

            = – 55.8 – (298 * 0.08066) 
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        = – 79.875 kJ/mol 

Thermodynamic efficiency () = ∆G0/∆H0 = 1.43 

∆G0 = – nFE0 

   E0 = – ∆G0/nF 

   E0 = – (– 79875)/1*96484 

   E0 = 0.82 V 

2.2 Results and Discussion 

The overall architecture of the water formation cell consists of an anodic alkaline half-cell 

and a cathodic acidic half-cell, separated by a Nafion 117 cation-conducting membrane, 

as illustrated in Scheme 2.1. In the anodic alkaline half-cell, Pt supported on carbon (Pt/C) 

served as the electrocatalyst, while in the cathodic acidic half-cell, platinum 

electrodeposited on a titanium mesh (using a constant current of 4 mA/cm² for 5 minutes) 

was utilized as the electrocatalyst. Since water formation by OH- and H+ reaction is non-

redox in nature, to directly harvest the energy of water formation as an electrical driving 

force, hydrogen redox(hydrogen evolution reaction (HER) in acidic half-cell and 

hydrogen oxidation reaction (HOR) in alkaline half-cell was performed) was conducted in 

respective half-cells . Since hydrogen redox reactions are pH dependent, this decoupled 

acid-alkali configuration should allow the direct harvesting of water formation energy as 

an electrical driving force without a  net redox. To demonstrate this direct harvesting of 

water formation energy, we have performed hydrogen redox reactions as a function of 

pH. The hydrogen redox reactions have a relatively negative potential in an alkaline 

medium and a relatively positive potential in an acidic medium (Figures 2.1a and 2.1b). 

Consequently, their Pourbaix diagram exhibits a negative potential shift with respect to 

the pH (Figure 2.1c), demonstrating a slope (𝒅𝑬/𝒅𝒑𝑯) close to the theoretically expected 

value of 59 mV/pH for a reaction involving equal numbers of electrons and protons 

(Figure 2.1c). Therefore, there will be a net positive electromotive force (or a negative 

free energy change) between the same reactions when the direct acid-alkali chemistry is 

decoupled (Figure 2.1d) in the configuration as shown in Scheme 2.1. This suggests that 

if a hydrogen oxidation reaction (HOR) is performed in the alkaline half-cell (equation 

2.1), the liberated electrons will flow through the external circuit powering the load with 
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Scheme 2.1: Electrochemical water formation assisted thermogalvanic device.  

 

a b 

c d 

Figure 2.1: (a) Hydrogen evolution reactions (HER) and (b) hydrogen oxidation 

reactions (HOR) in different pH solutions at a scan rate of 10 mV/s on a platinum 

electrode. (c) Pourbaix diagrams for HER and HOR reactions. (d) Free energy change 

and open circuit potential vs. pH gradient plot.  
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a corresponding hydrogen evolution reaction (HER) occurring in the cathodic half-cell 

(equation 2.2). The overall reaction (equation 2.3) does not involve any hydrogen 

consumption, but it involves the formation of water molecules, and consequently, water 

formation energy is the driving force for the operation of this device (Calculation 2.1).  

Anodic half-cell reaction:  

2H2O + 2e-  ↔  H2 + 2OH-              (equation 2.1) 

Cathodic half-cell reaction:  

2H+ + 2e-  ↔  H2               (equation 2.2) 

Overall cell reaction:   

2H+ + 2OH-  ↔  2H2O    (equation 2.3) 

 

Calculation 2.2 

The total cell reaction for the water formation cell is:  

H+ (aq) + OH- (aq) → H2O (l)                                                          

The free energy change for that reaction can be written as follows: 

∆G = ∆Go + RT ln (
𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡⁄ ) 

∆G = ∆Go+ RT ln (
[𝐻2𝑂]

[𝐻+][𝑂𝐻−]⁄ )         

∆G = ∆Go– RT ln [H+] – RT ln [OH-]  

∆G = ∆Go– RT 2.303 (log[H+] + log [OH-])  

∆G = ∆Go– RT 2.303 (-pH - pOH)  

∆G = ∆Go+ RT 2.303 (pH + pOH) 

∆G = ∆Go+ RT 2.303 (pHA + 14 – pHB), 

where pHA = pH of acidic electrolyte and pHB = pH of alkaline electrolyte 

∆G = ∆Go+ RT 2.303 (pHA – pHB) + RT 2.303*14 

∆G = ∆Go– RT 2.303 ∆pH + RT 2.303*14                           (pHB>pHA) 

∆G = – 79.8 – 5.7∆pH + 79.8 

∆G = – 5.7 ∆pH 

E = −∆𝐺
𝑛𝐹⁄  = 0.059 ∆pH                                           
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The device to harvest the water formation energy with the help of hydrogen redox 

demonstrated a peak power density of 44 mW/cm2 at a peak current density of 110 

mA/cm2, without any temperature gradients (at room temperature and pressure), Figure 

2.2a. Without an H2 stream, there is no significant power in the polarization plot (Figure 

2.2b).  From galvanostatic polarization at a constant current of 40 mA/cm2, with and 

without hydrogen (Figure 2.2c), it can be conveyed that H2 redox is inevitable for this 

device, without which the polarization dropped abruptly (red trace in Figure 2.2c). During 

the galvanostatic discharge, the concentration of H+ in the catholyte and OH- in the 

anolyte are measured with respect to time by acid-base titration, (Figure 2.2d). When 

current is drawn, H+ in the catholyte and OH- in the anolyte get consumed, and hence, 

the pH gradient (∆pH) between the two half-cells decreases as a function of time. 

Consequently, the cell potential should decrease with time as it is related to ∆pH (equation 

2.4, Calculation 2.2). This is clearly seen in Figure 2.2d, where the electromotive force 

tends to zero in nearly 10 hours when a constant current is drawn from the device, 

signaling the convergence of pH gradients towards zero. This suggests the involvement 

of H+ and OH- ions in the overall reaction. It should be noted that when no current is 

drawn and when the cell is kept idle, the changes in concentrations of H+/OH- dual ions 

were around 3.5 millimoles for a period of 100 hours, (Figure 2.2e). This corresponds to 

a self-discharging rate of 1.2 mV/h under open circuit operations. Which is negligibly 

small. During electric power delivery for a duration of nearly 10.5 hours (Figure 2.2d), the 

changes in H+/OH- dual ion concentration were nearly 17 mM, which was 50 times 

higher than under open circuit conditions, Figure 2.2e. Therefore, during the delivery of 

electric power, the loss in H+/OH- dual ion gradient is majorly due to electrochemical 

neutralization rather than diffusion-driven self-discharging. Nevertheless, the self-

discharging of this hybrid device can be mitigated thanks to the force of electric fields i.e., 

H+ tends to migrate to the cathode while OH- will migrate to the anode, which can, to 

some extent, prevent the mixing of H+/OH-. In addition, a flow cell with continuously 

freshening catholyte and anolyte can also benefit from maintaining a rather stable pH 

gradient between anode and cathode. In-situ electrochemical mass spectrometry of the 

cathodic and anodic half-cells of the device shows H2 gas evolution in the acidic cathode 

(blue trace in Figure 2.2f) and H2 gas consumption in alkaline anode (red trace in Figure 

2.2f), respectively, during the device operation. All these indicate that using hydrogen 
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redox, water formation energy can be harvested as an electrical driving force without a 

net redox, as in equation 2.3. At a surplus concentration of H+/OH- dual ion, the amount 

of H2 consumed in the anodic half-cell decides the extent of electron release, which in 

a b 

c d 

e f 

Figure 2.2: Polarization curves for water formation cell (a) with and (b) without H2 as 

feed gas stream (10 mL/min). (c) Galvanostatic polarizations at a constant current density 

of 40 mA/cm2 with and without H2 gas as an anodic feed gas stream. (d) Correlation 

between the charge passed and the remaining amount of H+/OH- dual ion concentration 

in the half cells during the long-term discharge. (e) H+/OH- dual ion concentrations before 

and after keeping the water formation cell under open circuit condition for various time 

intervals. (f) In situ electrochemical mass spectrometry of cathodic half and anodic half-

cells of the water formation cell. 
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turn decides the amount of H2 evolved in the cathodic half-cell (Figure 2.3).  

In order to investigate the influence of temperature on the water formation 

reaction, the potential output was measured with the variation in temperature. Firstly, the 

temperature dependence of each half-cell reaction of the water formation cell is 

investigated to understand how the half-cell reaction thermodynamics contributes to the 

device operation. In the case of the acidic cathodic half-cell, it can be observed that the 

potential of hydrogen redox increases with the rise in temperature, blue trace in Figure 

2.4a. This leads to a positive Seebeck coefficient of 1.62 ± 0.11 mV/K, which holds the 

potential to be utilized in a thermogalvanic cell. The alkaline hydrogen redox also shows 

a proportional increment of potential with the increase in temperature (red trace in Figure 

2.4a), but the magnitude of the increment is quite low, resulting in a Seebeck coefficient 

of 0.42 ± 0.06 mV/K. The magnitude of potentials for acidic and alkaline hydrogen redox 

in Figure 2.4a dictates the choice of the hot acidic side as the cathodic half-cell and the 

cold alkaline side as the anodic half-cell for the water formation-based thermogalvanic 

system. The open circuit voltage for the water formation cell rises with the increase in 

temperature of the surroundings (Figure 2.4b), which provides the ability to withdraw 

energy from the surroundings during the water formation reaction. In the case of a 

traditional H2 - O2 fuel cell, the open circuit voltage drops with the increase in the 

surrounding temperature (Figure 2.4c), causing a loss of energy from the system to the 

surroundings as heat during the operation of the fuel cell. The water formation cell has a 

positive Seebeck  coefficient value of 1.38 ± 0.11 mV/K along with partial molar entropy 

a b 

Figure 2.3: (a) Galvanostatic polarizations at 40 mA/cm2 for different amounts of H2 as 

the anodic feed gas streams. and (b) Correlation between the amount of produced 

hydrogen and the amount of charge passed. 
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change of around 266.34 J mol-1 K-1(Figure 2.4d), which consolidates the fact of a 

thermodynamic efficiency value greater than 1, Calculation 2.1, 2.3. On the other hand, 

the H2 - O2 fuel possesses a negative Seebeck coefficient with a magnitude of -1.96 ± 0.06 

mV/K with a negative entropy change of - 756 J mol-1 K-1 (Calculation 2.3), Figure 2.4d. 

This consolidates the fact that electrical energy output from a water-formation cell will 

expand with an increment in the temperature, which is not the case for the H2 - O2 fuel 

cell. 

Calculation 2.3 

For water formation cell, 

The Seebeck coefficient (α) for the water formation cell = 1.38 ± 0.11 mV/K 

No. of electrons = 2 

Faradaic constant = 96500 C. mol-1 

a b 

c d 

Figure 2.4: (a) The variation of the potential of hydrogen redox in acidic (blue trace) and 

alkaline half-cells (red trace) with respect to surrounding’s temperature. The temperature 

dependency of open circuit voltage for (b) the water formation cell and (c) the H2-O2 fuel 

cell. (d) The comparison of the Seebeck coefficient and partial molar entropy change 

between the water formation cell (WC) and the H2-O2 fuel cell (FC). 
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Partial molar entropy change (ΔS) = n. F. α 

      = 2 * 96500 * (1.38 ± 0.11) 

          = 266.34 ± 21.23 J mol-1 K-1 

For the H2 - O2 fuel cell, 

The Seebeck coefficient (α) for the fuel cell = - 1.96 ± 0.06 mV/K 

No. of electrons = 4 

Faradaic constant = 96500 C. mol-1 

Partial molar entropy change (ΔS) = n. F. α 

          = 4 * 96500 * (- 1.96 ± 0.06) 

          = - 756.56 ± 24.7 J mol-1 K-1.         

From Figure 2.4a, it is obvious that if an acidic half-cell at a high temperature and an 

alkaline half-cell at a relatively cold temperature are coupled together, a maximum 

voltage output can be achieved. The open circuit voltage of the water formation cell was 

measured with and without the temperature gradient between the two half cells, Figure 

2.5a. The temperature gradient (ΔT = 55⁰) in the water formation cell leads to a rise in 

the open circuit voltage of the cell with a magnitude of 67 mV, Figure 2.5a. The 

polarization performance with a temperature gradient (sky blue trace in Figure 2.5b) 

exhibits superiority over the isothermal water formation cell, (orange trace in Figure 2.5b). 

The water formation cell with a temperature gradient (ΔT = 55⁰) achieves a peak power 

density of 53 mW/cm2 at a peak current density of 130 mA/cm2. The peak power density 

has risen from 43 mW/cm2 to 53 mW/cm2 with the inclusion of a temperature gradient 

of 55⁰. The galvanostatic polarization at a constant current density of 40 mA/cm2 also 

reflects a similar performance matrix, Figure 2.5c. The cathodic exhaust of the 

thermogalvanic cell has been investigated via in-situ electrochemical mass spectrometry 

at a constant current of 40 mA/cm2, and in both cases, there is an evolution of pure H2 in 

the cathodic exhaust, Figure 2.5d. It should be noted that a similar amount of hydrogen 
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gas evolved with a higher potential output for the temperature gradient cell as compared 

to the isothermal cell, Figure 2.5c and 2.5d.  

To know where this water formation reaction-based thermogalvanic cell stands, it 

is compared with a state-of-the-art aqueous thermogalvanic system based on a 

ferrocyanide/ferricyanide (Fe2+/Fe3+) redox system. Firstly, the temperature dependence 

was investigated with the ferrocyanide/ferricyanide (Fe2+/Fe3+) system, which shows a 

drop in the electromotive force with a rise in temperature, Figure 2.6a. The Seebeck 

coefficient of this system turns out to be negative in nature with a magnitude of -1.49 ± 

0.13 mV/K, which is opposite in nature with respect to the water formation reaction. The 

device consisting of a ferrocyanide/ferricyanide (Fe2+/Fe3+) system shows no significant 

open circuit voltage at an isothermal state, green trace in Figure 2.6b. Introduction of a 

temperature gradient of nearly 55⁰ in this system, the thermogalvanic system provides an 

Figure 2.5: (a) Open circuit voltages (b) polarisation curves (c) chronopotentiometry at 

40 mA/cm2 and (d) constant current (40 mA/cm2) in situ electrochemical mass spectra 

of the cathodic half-cell of the water formation cell with and without temperature gradient 

(ΔT = 55⁰) between the two half cells. 

 

a b 

c d 
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open circuit voltage of around 47 mV, violet trace in Figure 2.6b. The polarization curve 

for this ferrocyanide/ferricyanide-based (Fe2+/Fe3+) thermogalvanic system provides a 

peak power density of 0.15 mW/cm2 at a peak current density of 6 mA/cm2, Figure 2.6c. 

Upon comparison, it is evident that the thermogalvanic system based on water formation 

reaction has the upper hand over the ferrocyanide/ferricyanide-based system. This water 

formation-based thermogalvanic device has a temperature-insensitive maximum power 

density of  34.7 mWcm-2K-2 (Calculation 2.4), which is almost 70 times higher than 

standard ferrocyanide-ferricyanide based thermogalvanic system, Figure 2.6d. Taken 

together, the water formation reaction-based thermogalvanic system holds promise for 

extensive heat harvesting from pH gradient as well as temperature gradient. 

 

 

d 

a b 

c 

Figure 2.6: (a) The temperature dependency of the potential for the 

ferrocyanide/ferricyanide (Fe2+/Fe3+) redox system. (b) Open circuit voltages (c) 

polarisation curves for the ferrocyanide/ferricyanide (Fe2+/Fe3+) redox-based 

thermogalvanic device. (d) Comparison of the temperature-insensitive maximum power 

density between the water formation-based and ferrocyanide/ferricyanide (Fe2+/Fe3+) 

redox-based thermogalvanic system. 
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Calculation 2.4 

For water formation reaction-based thermogalvanic system, 

From Figure 2.5b, 

Peak power density (Pmax) (ΔT = 55⁰) = 53.5 mW/cm2 

Peak power density (Pmax) (ΔT = 0⁰) = 43 mW/cm2 

ΔPmax = 10.5 mW/cm2 ; ΔT = 55 K  

Temperature-insensitive maximum power density (
𝛥𝑃𝑚𝑎𝑥

𝛥𝑇2⁄ ) = 10.5
552⁄  

                            = 0.003471 mWcm-2K-2 

                              = 34.71 mWm-2K-2 

For ferrocyanide/ferricyanide redox-based thermogalvanic system, 

From Figure 2.6c, 

Peak power density (Pmax) (ΔT = 55⁰) = 0.143 mW/cm2 

ΔT = 55 K  

Temperature-insensitive maximum power density (
𝛥𝑃𝑚𝑎𝑥

𝛥𝑇2⁄ ) = 0.143
552⁄  

                            = 0.000047 mWcm-2K-2 

                              = 0.47 mWm-2K-2 

2.3 Conclusion 

Electrochemical heat harvesting through thermogalvanic cells exploits temperature 

gradients (∆T) to generate electrical energy based on the Seebeck effect. The water 

formation reaction in an electrochemical cell has a positive Seebeck coefficient of nearly 

1.38 mV/K, which creates an opportunity for heat harvesting by decoupling the direct 

acid-alkali chemistry . Alkaline hydrogen oxidation at cold temperatures and acidic 

hydrogen evolution at hot temperatures significantly boost voltage and electrical energy 

output. This proposed thermogalvanic device has a high temperature-insensitive power 

output efficiency of   34.7 mWcm-2K-2, which is 70 times higher than state of the art 

ferricyanide based heat harvesting devices, thereby holding promise for enhanced waste 

heat recovery.  
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2.4 Experimental Section 

2.4.1 Materials 

H2SO4 (98%), NaOH (97%), oxalic acid (98%), AgCl (98%), KCl (99%), H2O2, CH3COOH 

(99%), CH3COONa (99%), KHSO4 (98%), K2SO4 (99%), K2HPO4 (98%), KH2PO4 (99%), 

H3PO4 (88%), Agar-agar, K4[Fe(CN)6] (99.9%), K3[Fe(CN)6] (99.9%)  and phenolphthalein 

were purchased from Sigma Aldrich. Pt supported on carbon catalyst (0.5 mg/cm2 Pt/C), 

and   Nafion117 cation exchange membrane were obtained from Fuel Cell Store (USA). 

2.4.2 Electrochemical Study (Single Compartment) 

Electrochemical measurements were carried out using a Biologic (VMP-300) 

electrochemical workstation. A three-electrode system with platinum (0.031 cm2) as the 

working electrode and a larger area of platinum mesh as the counter electrode. Ag/AgCl 

(3.5M KCl) as the reference electrode was utilized for Cyclic voltammetry experiments. 

15 mL of electrolyte was used for each measurement. The electrolyte solutions with 

varying pH like pH = 0 (H2SO4), pH = 2 (sulfate buffer), pH = 4 (acetate buffer), pH = 

6,8,10,12 (phosphate buffer), pH = 14 (NaOH) were used for pH-dependent study.   

2.4.3 In-situ Electrochemical Mass Spectrometry 

In-situ electrochemical mass spectrometry was conducted with an HPR-40 (Hiden 

Analytical) quadruple mass analyzer using a standard QIC inlet. The experiment was 

carried out with the help of a ‘T’ shaped connector where three sides are a mass 

spectrometer inlet, cell outlet, and exhaust to the surroundings. For the cathodic half-cell 

experiments, Argon (Ar) was used as the carrier gas. The generated gas flow from the cell 

was supplied to mass the spectrometer inlet via the ‘T’ connector. 

2.4.4 Electrochemical Study (Double compartment) 

Polyacrylic sheets were used to construct a two-compartment laboratory prototype for 

the water formation cell. The electrolytes are pumped inside the two half-cells using two 

peristaltic pumps at a constant flow rate of 10 ml/min. The device's two half-cells were 

divided using a Nafion 117 membrane. Before it was utilized in the cell, the Nafion 117 

membrane was pretreated with an acidic H2O2 solution at 80°C. The membrane was 

sandwiched between two silicone washer gaskets to prevent intercompartment leakage. 

The cathodic electrocatalyst for the water formation cell was electrodeposited Pt on Ti 

mesh (obtained by applying 5 mA/cm2 continuous current for 10 minutes in chloro-
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platinic acid solution), whereas the anodic electrocatalyst for the water formation cell was 

coated with Pt/C on Toray carbon paper. Table 2.1. Carbon sheets were used as the 

cathode and anode for the ferrocyanide-ferricyanide redox-based thermogalvanic 

system.  

 Table 2.1: Catalyst loading used at the anodic and cathodic half-cells of the 

electrochemical water formation cell. 

 

 

 

 

 

All the electrochemical experiments were performed under room temperature and 

pressure. Quantification of generated hydrogen was carried out by water displacement 

technique. The concentration of anolyte and catholyte was measured by acid-base 

titration with a phenolphthalein indicator. Oxalic acid was used as the primary standard. 

Firstly, the prepared NaOH was standardized with oxalic acid. Then, the catholyte from 

the cell is titrated with the standardized NaOH, and the concentration of the catholyte is 

determined. The concentration of anolyte is determined by titration with the oxalic acid. 

2.4.5 Temperature Dependent Study 

Temperature-dependent studies were conducted in both the device mode and three-

electrode assembly mode. In the case of the three-electrode assembly mode, the working 

and counter electrodes were connected to the reference electrode via a salt bridge and 

the potential values were measured non isothermally (by keeping the temperature of the 

reference electrode constant while that of the working electrode is scanned). The salt 

bridge was prepared by mixing agar-agar and Na2SO4 in an aqueous solution at 75⁰C. The 

chamber with working and counter electrodes was heated to different temperatures, and 

the reference electrode was kept at room temperature to avoid fluctuations in the 

reference electrode’s potential. The heating mantle was used to heat the working 

electrode compartment. The potential of the working electrode was measured at a 

 Cathode Anode 

Catalyst Pt on 

Ti mesh 

Pt/C 

(Pt:C = 2:3) 

Amount 1.5 mg/cm2 1 mg/cm2 
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temperature of 298 K to 358 K. In the device, a temperature gradient of 55 K was 

maintained between the half-cells. 
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Abstract 

The hydrogen economy is an ideal energy vector to offer a carbon-neutral energy 

pathway. However, the contamination of produced hydrogen with carbonaceous and 

non-carbonaceous impurities beyond the tolerance level of a fuel cell always demands 

exceptionally endergonic fuel separation modules requiring multiple steps and extreme 

temperatures and pressures (- 85C to -15C and 7 to 30 bar). These contribute to a severe 

energy imbalance between the key steps of hydrogen production and hydrogen 

utilization. By directly harvesting the water-formation energy, a spontaneous fuel 

purification is demonstrated under truly ambient weather conditions, including an open-

air environment, wherein contaminated hydrogen streams can be purified to nearly 99.9 

% purity in a single step at the expenditure of 24 kJ/molH2 with an electrical energy 

output of 90 kJ/molH2. As a major leap in the hydrogen economy, a laboratory-level 

prototype can spontaneously generate 99.4 % pure hydrogen in a single step even from 

a quaternary mixture of impurities, including hydrocarbons, CO2 and N2. 
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Introduction 

The hydrogen economy is being touted as an ideal energy vector across the globe as its 

combustion for energy generation occurs with a near zero-carbon footprint,1-4 which in 

turn has the potential to rejuvenate the life on this planet by stabilizing the global mean 

temperatures.5-8 However, the implementation of the hydrogen economy is thwarted by 

the physicochemical properties of gaseous hydrogen which has led to hydrogen storage 

molecules as safer hydrogen carrier molecules.9-11Among the hydrogen storage 

molecules, lower aliphatic alcohols such as methanol are considered attractive candidates 

for storing hydrogen as they are in the liquid state at room temperature with a reasonable 

weight percent of hydrogen.12 Nevertheless, state-of-the-art steam reforming of alcohols 

to release hydrogen is technologically incompetent as it requires significant energy input 

such as high temperature >200C and high pressure >25 bar.13 The hydrogen fuel 

produced by these techniques is carbonized with impurities such as CO, CO2, and 

hydrocarbons, along with other impurities like N2, NH3,  sulphur, O2, H2O vapor, etc., which 

are often beyond the tolerance level of a proton exchange membrane fuel cell.14-16 

Therefore, the impure fuel streams must be purified before feeding it into a fuel cell, and 

state-of-the-art fuel separation techniques such as cryogenic distillation (-85C to -15C, 

7 to 30 bar), pressure swing adsorption (100C to 400C, 5 to 25 bar), and membrane-

based methods (0.5 to 1 bar, 200C to 400C), etc., are highly endergonic and require 

expensive, and sophisticated instrumentations.17-19 These techniques often require 

numerous steps to achieve a certain purity level, which further demands additional energy 

expenses.20,21 The fact that higher energy investment is required for H2 production and 

purification than that can be recovered by its utilization in a fuel cell eventually 

contributes to a serious energy imbalance between energy storage and energy conversion 

pathways. 

Differing from the existing approach, an exergonic pathway for hydrogen fuel 

purification technique is shown, wherein a newly designed device that can directly 

harvest the water formation energy from H+/OH− dual ions can purify carbonized and 

contaminated hydrogen fuel streams at room temperature and pressure during electricity 

production. Thermodynamic calculation (Calculation 3.1) shows that water formation 
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from the H+/OH− dual-ion gradient has an inbuilt energy that can be converted to 

electrical energy. 

Calculation 3.1 

Water formation Reaction from H+ and OH− dual ions 

H+ + OH− ↔ H2O  

Enthalpy changes for the reaction. 

∆H0 = H0 (H2O) – H0 (H+) – H0 (OH−)  

       = – 285.8 – 0 – (– 230) 

       = – 55.8 kJ/mol 

Entropy changes for the reaction 

∆S0 = S0 (H2O) –S0 (H+) – S0 (OH−)  

       = 69.91 – 0 – (– 10.75) 

       = 0.08066 kJ/K mol 

Gibbs free energy of the reaction 

∆G0 = ∆H0 – T∆S0 

            = – 55.8 – (298 * 0.08066) 

        = – 79.875 kJ/mol 

∆G0 = – nFE0 

   E0 = – ∆G0 /nF 

   E0 = – (– 79875)/1*96484 

   E0 = 0.82 V 

0.82 V of electromotive force can be harvested from the water formation energy. 

Quite recently, the energy of water formation from H+/OH− dual ions has been explored 

to increase the electrical efficiency of various devices such as fuel cells, batteries, 
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supercapacitors, and electrolytic devices.22-26 Here, an unprecedented application of 

spontaneous hydrogen fuel purification is explored via harvesting the energy of water 

formation in a single step under ambient conditions, interestingly with electric power 

production. The device can even purify hydrogen from a quaternary mixture of 

contaminants, including hydrocarbons, CO2, and N2 commonly encountered in the 

exhaust of a steam reformer in a single step, and the purified H2 can be directly fed to a 

commercial proton exchange membrane fuel cell (PEMFC) for further energy conversion. 

Previous literatures27,28 related to electrochemical fuel purification are electrolytic 

approaches in a thermodynamically uphill pathway. However, the spontaneous fuel 

purifier is galvanic in nature, wherein the fuel purification is achieved in a 

thermodynamically downhill pathway. Therefore, this H2 purifier paves the way for a 

robust hydrogen economy because electric power is harnessed during hydrogen fuel 

separation as well as its utilization. 

3.1 Results and Discussion 

The overall fuel-purifying architecture contains an anodic alkaline half-cell and a cathodic 

acidic half-cell separated by a cation conducting Nafion 117 membrane, Scheme 3.1. Pt 

supported on carbon (Pt/C) was employed as the electrocatalyst in the anodic alkaline 

half-cell, and electrodeposited platinum on Ti mesh (by applying a constant current of 4 

mA/cm2 for 5 min) was used as the electrocatalyst for the cathodic acidic half-cell. The 

energy of water formation can be harvested by employing hydrogen redox in the pH 

gradient electrochemical cell. Hydrogen is oxidized at the alkaline anode with the 

concomitant degree of hydrogen evolution in the acidic cathode, which suggests that 

hydrogen is the only electroactive portion in the system. This suggests that when an 

impure hydrogen fuel stream is bubbled into the anodic half-cell wherein the impurities 

cannot be oxidized further, only hydrogen will get oxidized, and corresponding to this 

degree of oxidation, there should be exclusive hydrogen evolution in the cathodic half-

cell. This offers opportunities for hydrogen fuel purification during electricity production. 

or spontaneous fuel purification at room temperature and pressure. 
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Scheme 3.1. Schematics of the spontaneous hydrogen fuel purifier.   

3.1.1   Spontaneous Fuel Purification of Binary Fuel Mixtures 

The common contaminants of hydrogen fuel steam during steam reforming are CO2, N2, 

CO, H2S, CH4, etc.14 In order to understand how impurity affects electrochemistry, we 

resorted to voltammetric analysis with the binary mixtures. The outlined data suggests 

the decrease in limiting current and shift in the hydrogen oxidation potential can be 

attributed to the decrease in the hydrogen partial pressure, Figure 3.1a, 3.1b. Linear 

sweep voltammogram has been recorded at a scan rate of 5 mV/s with a Pt-based 

electrode at a rotation of 1600 rpm for impure gas mixtures in 1 M NaOH solution. In the  

Table 3.1: Comparison table of limiting current densities and overpotential (at 3 

mA/cm2) for various gas mixtures (corresponds to figure 3.1a, 3.1b). 

Impure Mixtures Limiting Current 

(mA/cm2) 

Overpotential (mV)   

(at 3 mA/cm2) 

Pure H2 7.9 0 

H2-N2 (20%) 6.9 61 

H2-CO2 (20%) 6 157 
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case of the H2-N2 mixture (20 %), a shift in the oxidation potential with a decrease in the 

limiting current density compared to pure H2 is majorly attributed to the decrease in the 

partial pressure of hydrogen in the mixture (Figure 3.1a and Table 3.1). However, for the 

H2-CO2 mixture (20 %), the impurity (CO2) can chemically react with the hydroxyl ions, 

eventually decreasing the pH of the solution.29 The noticeable positive shift in the H2 

oxidation potential in the H2-CO2 mixture compared to pure H2 can be attributed to this 

chemical consumption of OH− by CO2 (Figure 3.1b, Table 3.1).  

Further, the prospects of fuel purification from binary gas mixtures in the 

spontaneous fuel purifier have been evaluated. When a 1:1 mixture of H2 and N2 is fed (10 

mL/min) to the anodic half-cell at room temperature and pressure, the performance 

metrics were nearly 25 mW/cm2 at 52 mA/cm2, which were almost half of the that with 

pure H2 (10 mL/min), (Figure 3.1c). With CO2 as the impurity instead of N2, performance 

a b 

c d 

Figure 3.1: Rotating disk electrode measurements during hydrogen oxidation reaction 

at 1600 rpm at a scan rate of 5 mV/s on a Pt/C electrode for a) H2-N2 (80:20) binary 

mixture and (b) H2-CO2 (80:20) binary mixture. c) Polarization curves for H2 purifier with 

pure and impure H2 gas feed streams (10 mL/min). d) Galvanostatic polarizations at a 

constant current density of 40 mA/cm2 with pure and impure H2 gas feed streams. The 

impure gas streams were H2-CO2 (1:1) gas mixture and H2-N2 (1:1) gas mixture. 
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metrics were lower, which we attribute to the direct reaction of CO2 with OH- ions forming 

carbonates and bicarbonates.30 When diluted HCl (0.1 M) was added to the anolyte after 

purging with an H2-CO2 mixture, there was an evolution of CO2 bubbles due to the 

decomposition of carbonates. In the case of the H2-N2 mixture, CO2 dissolved in the 

alkaline anolyte can react with hydroxyl ions to form carbonate, which is also a well-

known issue in all alkali-based fuel cells. Notably, we did not see any carbonate salt 

forming at the anode, possibly due to the continuous bubbling of H2, implying the issue 

of CO2 in the air can be somehow mitigated by H2 blowing.  

Nevertheless, the data suggests hydrogen in the binary gas mixture is the 

electroactive segment. With a 1:1 impure hydrogen gas stream as the feed (10 mL/min) 

at the same current density as the pure hydrogen stream, the galvanostatic polarization 

occurred at a lower operating voltage (Figure 3.1d). Noticeably, at the same current 

a b 

c d 

Figure 3.2: Pre- and post-purification H+/OH− dual ion concentrations and the charge 

passed during galvanostatic polarization at 40 mA/cm2 for 1 hour with a) H2-N2 (1:1) and 

b) H2-CO2 (1:1) binary mixtures. c) Quantification of H2 gas evolved in the cathodic half-

cell with the amount of charge passed. (d) Volume of H2 and Faradaic efficiency with pure 

and impure hydrogen gas feed streams. 
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density, the operating voltage was a bit lower with the CO2 mixture in the beginning and 

in the middle regions; however, with a serious concentration polarization towards the end 

of polarization (Figure 3.1d). This we attribute to the chemical consumption of OH− by 

CO2 in forming bicarbonates and carbonates as CO2 can gradually accumulate in the 

system as explained above.  

To further prove this chemical consumption of hydroxyl ions, the amount of acid 

in the catholyte and alkali in the anolyte is determined at the end of the purification of the 

H2-CO2 binary mixture. The consumption of hydroxyl ion is higher than the charge passed 

and proton consumption in the H2-CO2 mixture; however, a linear correlation was 

observed between charge passed and H+/OH− dual ion consumption in the H2-N2 binary 

mixture (Figure 3.2a, 3.2b). This proves the involvement of the parasitic reaction between 

hydroxyl ions and CO2 during the fuel purification of the H2-CO2 binary mixture, Figure 

3.2b. Galvanostatic polarizations at 40 mA/cm2 further suggest that with pure hydrogen 

and impure hydrogen, the cathodic outlet provides pure hydrogen (Figure 3.2c and Figure 

3.2d). Nearly 18 mL of hydrogen per hour is generated in the cathodic half-cell with nearly 

100 % Faradaic efficiency, (Figure 3.2d). With impure mixtures as feed gas stream, the 

Faradaic efficiency is similar with an almost equal amount of pure H2 gas at the cathodic 

end of the fuel purifier, (Figure 3.2c, Figure 3.2d, and Calculation 3.2). The slight deviation 

of Faradaic efficiency from the expected 100 % value could be due to the trapping of 

residual hydrogen in the tubing and piping connected to the water displacement 

apparatus. 

Calculation 3.2 

Quantification of Hydrogen (Figure 3.1d) 

Charge passed during 40 mA constant current test for 2 hours = (2 * 3600 * 40 * 10−3) C 

                                                                                                      = 288 C 

Moles corresponding to the charge passed = (288/96484) = 0.002985 mol 

                                                                          = 2.985 mmol 

To evolve one H2 molecule, there is a requirement of 2 electrons. 

So, theoretically the amount of evolved H2 = (2.985/2) = 1.4925 mmol 
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At room temperature (298 K) 1 mol of gas is equivalent to 24.45 L. 

So, the theoretical amount of evolved H2 gas = (24.45 * 1.4925 * 10−3) = 36.49 mL 

Faradaic Efficiency Calculation 

1) Only H2 gas as feed gas mixture – 

Experimentally, the volume of evolved H2 gas = 35.5 mL    

Faradaic Efficiency = (35.50/36.49) * 100 = 97.29 % 

2) 1:1 H2 and N2 mixture as feed gas – 

Experimentally, the volume of evolved H2 gas = 34.70 mL    

Faradaic Efficiency = (34.70/36.49) * 100 = 95.1 % 

3) 1:1 H2 and CO2 mixture as feed gas – 

Experimentally, the volume of evolved H2 gas = 30.5 mL   

Faradaic Efficiency = (30/32.78) * 100 = 93 % 

To understand the extent of fuel purification, we have carried out in situ 

electrochemical mass spectrometry with galvanometric polarization at 40 mA/cm2 

(Figure 3.3a, and Figure 3.3b) for the anodic and cathodic half-cells with impure H2 gas 

streams. With a 1:1 mixture of N2 and H2 fed to the anode, the anodic half-cell 

demonstrates a drop in partial pressure of hydrogen (purple trace in Figure 3.3c) with a 

commensurate increase in partial pressure of hydrogen in the cathodic half-cell (Green 

trace in Figure 3.3c) when the cell is ON. It should be noted that, in the electrochemical 

mass spectra of the anodic half-cell (Figure 3.3c), the relative pressure of nitrogen (red 

trace in Figure 3.3c) is increased due to a decrement in the partial pressure of hydrogen 

(purple trace in Figure 3.3c). In the case of a 1:1 H2 and CO2 mixture, there is a fall of H2 

pressure in the anodic half (Green trace in Figure 3.3d) and a rise in relative pressure of 

H2 for the cathodic half (black trace in Figure 3.3d) when the device is ON. It is to be 

noted that the relative pressure of CO2 in the in situ electrochemical mass spectra of the 

anodic half-cell is very low due to the accumulation of CO2 in the anolyte (blue trace in 

Figure 3.3d); however, the process is accompanied by electric power production and fuel 

purification. From the in situ electrochemical mass spectra of the anodic half-cell, it is  
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confirmed that only H2 is consumed at the anode when the cell is ON. On the other hand, 

the electrochemical mass spectra of the cathodic half reveal no rise in the relative pressure 

of impurities except the rise in hydrogen partial pressure when the cell is ON. These 

demonstrate that pure hydrogen fuel is obtained at the cost of the impure hydrogen gas 

streams, (Figure 3.3c and 3.3d) during electric power production. 

3.1.2 Spontaneous Fuel Purification of Quaternary Fuel Mixture  

The regular contaminants during steam reforming are CO2, hydrocarbons, and N2 as 

mentioned before. To demonstrate the practical viability of this exergonic fuel purification 

at room temperature and pressure, we have attempted the separation of hydrogen from 

quaternary gas mixtures consisting of CO2, CH4, N2, and H2 in the ratio of (20: 1: 4: 75) 

corresponding to crude fuel stream from industrial methanol reformation.14 It is well  

a b 

c d 

Figure 3.3: Galvanostatic polarization at 40 mA/cm2 and quantification of H2 in the 

cathodic half-cell of the fuel purifier with H2-N2 (1:1) gas mixture as feed. (b) Galvanostatic 

polarization at 40 mA/cm2 and quantification of H2 in the cathodic half-cell of the fuel 

purifier with H2-CO2 (1:1) gas mixture as feed. (c) In situ electrochemical mass spectra for 

the anodic half-cell and the cathodic half-cell of the fuel purifier with H2-N2 (1:1) gas 

mixture as feed. (d) In situ electrochemical mass spectra for the anodic half-cell and the 

cathodic half-cell of the fuel purifying cell with H2-CO2 (1:1) gas mixture as feed. 
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known that the absence of methane oxidation could be due to the higher temperature 

requirement for its oxidation on Pt-based electrodes, as reported in the literature.31,32 

When a crude quaternary mixture is fed (10 mL/min) to the anodic half-cell of the 

spontaneous fuel purifier at room temperature and pressure, the peak performance 

metrics were 36 mW/cm2 of power at 75 mA/cm2 of current, (Figure 3.4a) which is 

a 

d 

f 

c 

b 

e 

Figure 3.4: a) Polarization curve for H2 purifier and b) galvanostatic polarization at 40 

mA/cm2 with crude H2 gas stream as anodic feed gas stream (CO2: CH4: N2: H2 = 20: 1: 4: 

75) at 10 mL/min. In-situ electrochemical mass spectra for c) the anodic half-cell and d) 

the cathodic half-cell with crude H2 gas mixture as anodic feed gas stream. e) Correlation 

of charge passed vs. pure H2 fuel evolved in the cathodic half-cell of the fuel purifier. f) 

Pre- and post-purification H+/OH− dual ion concentration and the charge passed during 

galvanostatic polarization at 40 mA/cm2 for 1 hour with quaternary gas mixture as an 

anodic feed gas stream.  
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dependent upon the proportion of H2 in feed gas mixture. During galvanostatic 

polarization at 40 mA/cm2 (Figure 3.4b), in situ electrochemical mass spectrometry of the 

anodic part of the fuel purifier (Figure 3.4c) is recorded, and it indicates that only 

hydrogen is consumed at the anode as only its pressure is decreased. The electrochemical 

mass spectra of the cathodic half-cell show major H2 evolution at the cathode (Figure 

3.4d). The quantification of evolved H2 gas in the cathodic half-cell shows nearly 18 mL 

of H2 gas in one hour with almost 100 % Faradaic efficiency, (Figure 3.4e). H+/OH− dual 

ion concentration measurement after fuel purification shows the chemical consumption 

of hydroxyl ion by CO2 present in impure quaternary feed gas stream, (Figure 3.4f). 

Nevertheless, the data outlined in Figure 3.4 suggest the capability of the device to purify 

hydrogen from complex mixtures in a single step during electric power production.  

Taken together, when an impure gas stream is fed to the anodic half-cell, only the 

hydrogen undergoes oxidation (equation 3.1), and commensurate to that, there is 

hydrogen evolution from the cathodic half-cell (equation 3.2). Therefore, the total cell 

reaction is the hydrogen fuel purification from the complex gas mixtures by utilizing the  

Fuel purifier’s reactions 

Anodic Half Cell Reaction 

(H2 + N2 + CO2 + CH4) + 2OH− ↔ 2H2O + 2e−            (equation 3.1) 

Cathodic Half Cell Reaction 

2H+ + 2e− ↔ H2                                                 (equation 3.2)   

Overall Cell Reaction 

(H2 + N2 + CO2 + CH4) + 2H+ + 2OH− ↔ 2H2O + H2            (equation 3.3) 

water formation energy (equation 3.3). To further demonstrate the practical viability of 

the device to generate pure hydrogen while purifying quaternary rises and on utilization 

of this hydrogen, the operating voltage of the fuel cell decreases. This process can be 

repeated multiple times, suggesting that electric power can be harnessed during fuel 

purification as well as its utilization (Figure 3.5). This further demonstrates that the fuel 

purifier during electric power production can directly serve as the fuel reservoir for an 

H2-air fuel cell. 
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3.1.3 Energy Balance and Purity 

The energy consumption during H2 purification is the spotlight parameter for any 

purification technique. To derive the value of energy consumption of our device, we have 

performed long-term discharge at a constant current of 40 mA/cm2 with pure H2 and 

impure H2 (1H2:1N2) as gas feed streams (Figure 3.6a, Calculation 3.3). The shaded area 

in Figure 3.6a depicts the energy lost due to the impurity present in the anodic feed stream 

or the energy required to obtain pure H2 from the cathodic outlet. It is to be noted that in 

the proposed device, the water formation energy is harvested as an electrical driving force 

by utilizing H2 redox. However, the presence of impurity lowers the extent to which this 

interconversion happens. Simultaneously, pure hydrogen is produced at the cathodic half-

cell at the expense of this energy loss. So, the loss in the amount of electrical energy 

output due to the impurity can be correlated to the energy required to generate pure 

hydrogen on the cathodic side. If this purified hydrogen stream from the cathodic outlet 

is fed to the anodic half-cell of another spontaneous fuel purifier (at the same set of 

conditions as in the case of the impure stream), the voltage output should be similar in 

magnitude to that of pure hydrogen. However, the time of operation should be lower. The 

difference should be the energy expended for fuel purification, which should be similar to 

the loss of electrical energy due to the impurity. To further prove that the decrease in the 

electrical energy output is not simply due to the decrease in the concentration of 

hydrogen, we have calculated the energy consumption for the H2-CO2 (1:1) mixture and 

the quaternary mixture, wherein the impurity (CO2) can chemically consume the OH−. It 

a b 

Figure 3.5: a. b) Fuel purifying device directly serving as a fuel reservoir for a PEMFC in 

a tandem configuration. 
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is found that the energy consumption during fuel purification is high for H2-CO2 (1:1)  

mixture and quaternary mixture (CO2: CH4: N2: H2 = 20: 1: 4: 75) compared to H2-N2 (1:1) 

mixture, Figure 3.6. In such a case, the energy required for purification is much higher 

than what is predicted by the Nernst equation (by the decrease in H2 partial pressure) and 

the impurity can independently affect the overall electrical energy output, (Figure 3.6d). 

In the same way, the energy for H2-CO2 (1:1) and quaternary mixture are determined 

(Figure 3.6, Calculation 3.3 and Calculation 3.4). The energy consumption for H2-CO2 (1:1) 

binary mixture and quaternary mixture is pretty high due to the chemical consumption of 

hydroxyl ions during the process. Nevertheless, the spontaneous fuel purifier offers an 

approach for simultaneous fuel purification and CO2 capture (as carbonate) during 

electricity production. The energy spent for hydrogen separation from this binary mixture 

at room temperature and pressure in a single step is calculated from the shaded area in 

Figure 3.6a, which is 24 kJ for 1 mole of pure hydrogen (Calculation 3.3, Calculation 3.4). 

a b 

c d 

Figure 3.6: Galvanostatic polarization at a current density of 40 mA/cm2 for (a) H2-N2 

(1:1) binary mixture, (b) H2-CO2 (1:1) binary mixture, and (c) quaternary mixture (CO2: 

CH4: N2: H2 = 20: 1: 4: 75). (d) Energy consumption and electrical energy output for the 

gas mixtures. 
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The electricity output during the process is calculated from the area under the maroon 

trace in Figure 3.6a, which is found to be 90 kJ for 1 mole of pure hydrogen gas 

(Calculation 3.4, Calculation 3.5). This energy consumption value is compared with state-

of-the-art fuel separation techniques such as pressure swing adsorption (PSA), 

membrane-based separation, and other electrochemical separations (Figure 3.7a, 3.7b), 

and the value obtained for our method is on par with the literature.20,21,33,34 The energy 

consumption and electricity output are also calculated for a 1:1 binary mixture of H2 and 

CO2 and a crude quaternary mixture (Figure 3.6). It is to be noted that the estimated purity 

of the produced hydrogen from the spontaneous fuel purifier (by electrochemical mass 

spectrometric analysis), as shown in Figure 3.3c, Figure 3.3d, Figure 3.4d, are comparable 

with PSA and membrane-based methods (Figure 3.7b). However, it should be noted that 

the purity level we have reported is based on a single step of the fuel purification process, 

Impure H
2
 streams Pure H

2
 stream 

H
2
 purifying cell PEMFC 

a b 

c 

Figure 3.7: a) The purity, and b) energy consumption and the purity of produced H2 for 

the spontaneous fuel purifier compared with the state-of-the-art fuel purification 

processes like pressure swing adsorption (PSA), membrane-based methods, 

electrochemical techniques (EC), etc. c) Photograph demonstrating spontaneous fuel 

purifier directly serving as a fuel reservoir for a commercial PEMFC 
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(Figure 3.7a).14,21,35-38 The purity is found to be 99.90 % (1:1 binary mixture of H2 and N2), 

99.8 % (1:1 binary mixture of H2 and CO2) and 99.4 % (crude quaternary mixture). 

To demonstrate the practical utility of the proposed fuel purifier, a laboratory-level 

spontaneous fuel purifier is fabricated and connected it in tandem with a commercial air-

breathing PEMFC (Figure 3.7c). The demonstration confirms that the spontaneous H2 

purifier can directly function as a fuel reservoir for PEMFC when the former produces 

electricity output. For the long-term operation of the purifying device, the best way is to 

set up a flow cell so that the anolyte and the catholyte can be refreshed continuously. But 

it is also possible to operate our flood cell for a longer time when the concentration of 

H+/OH− dual ions is increased. When the concentration of H+/OH− dual ions is increased 

to 3 M, the purifier could run for nearly 55 hours when a constant current of 10 mA/cm2 

was drawn from the device (red trace in Figure 3.8). When the concentration is further 

increased to 5 M, the purifier could run for nearly 85 hours at the same current rating 

(violet trace in Figure 3.8). These suggest that the duration of device operation can be 

further enhanced by increasing the H+/OH− dual ions concentrations in the respective 

half-cells, which indicates their role in device sustenance. The proposed spontaneous fuel 

purifier holds promise in these directions. Firstly, it allows neutralization to happen during 

electric power production, and secondly, it allows fuel purification at room temperature 

and pressure.  

 

Figure 3.8: Long term performance of the fuel purifier when a constant current of 10 

mA/cm2 is drawn from the device, with 3 M (red trace) and 5 M (violet trace) H+/OH− 

dual ion concentration. 
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Calculation 3.3 

Energy consumption for purification 

A) Case 1: 1H2:1N2 binary mixture  

From Figure 3.6a 

Area of the green shaded portion = Area under the curve with pure H2 stream as anodic 

feed (blue trace in Figure 3.6a) – Area under the curve with a binary mixture of 1H2: 1N2 

as anodic feed (maroon trace in Figure 3.6a)  

= 19155.2 – 15156.6 V. s 

= 3998.6 V. s 

Energy = 3998.6 * 40 * 10−3 A. V. s 

= 159.94 A. V. s 

= 159.94 W. s 

= 159.94 J 

B) Case 2: 1H2:1CO2 binary mixture  

From Figure 3.6b 

Area of the green shaded portion = Area under the curve with pure H2 stream as anodic 

feed (blue trace in Figure 3.6b) – Area under the curve with a binary mixture of 1H2: 1CO2 

as anodic feed (maroon trace in Figure 3.6b) 

=19155.2 – 3256.8 V. s 

=15898.4 V. s 

Energy = 15898.4 * 40 * 10−3 A. V. s 

= 635.93 W. s 

= 635.93 J 

C) Case 3: Quaternary mixture 

From Figure 3.6c 
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Area of the green shaded portion = Area under the curve with pure H2 stream as anodic 

feed (blue trace in Figure 3.6c) – Area under the curve with quaternary mixture as anodic 

feed (red trace in Figure 3.6c) 

= 19155.2 – 5940 V. s 

= 13215.2 V. s 

Energy = 13215.2 * 40 * 10−3 A. V. s 

= 528.6 W, s 

= 528.6 J 

 

Calculation 3.4 

Normalized energy output 

Amount of pure H2 produced during the purification of 1H2:1N2 binary mixture = 163.5 

mL 

The energy consumption for purification per 1 mole of pure H2 = (159.94*24450)/163.5 

                                                                                                      = 23.92 kJ/mol 

Electricity energy output per 1 mole of pure H2 = (606.264*24450)/163.5 

                                                                                                      = 90.66 kJ/mol 

 

Calculation 3.5 

Electricity energy output 

A) Case 1: 1H2:1N2 binary mixture  

Area under the curve with binary mixture of 1H2: 1N2 as anodic feed (maroon trace in 

Figure 3.6a)  

= 15156.6 V. s 

Energy = 15156.6 * 40 * 10−3 A. V. s 
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= 606.264 W. s 

= 606.264 J 

B) Case 2: 1H2:1CO2 binary mixture  

Area under the curve with binary mixture of 1H2: 1CO2 as anodic feed (maroon trace in 

Figure 3.6b)  

= 3256.8 V. s 

Energy = 3256.8 * 40 * 10−3 A. V. s 

= 130.27 W. s 

= 130.27 J 

C) Case 3: Quaternary mixture  

Area under the curve with quaternary mixture as anodic feed (red trace in Figure 3.6c)  

= 5940 V. s 

Energy = 5940 * 40 * 10−3 A. V. s 

= 237.6 W. s 

= 237.6 J 

3.2 Conclusion 

A spontaneous hydrogen fuel purifier is demonstrated wherein carbonized and 

contaminated hydrogen streams can be directly purified in a single stage at room 

temperature and pressure with simultaneous electric power production by harvesting the 

energy of water formation. The fuel purifying device converts chemical energy to 

electrical energy during fuel purification in a thermodynamically downhill pathway, which 

is contrary to the thermodynamically uphill pathways adopted in state-of-the-art 

electrolytic approaches. A comparison with state-of-the-art purification processes such as 

pressure swing adsorption, membrane-based methods, and electrochemical methods 

suggests that the spontaneous hydrogen fuel purifier achieves nearly 99.9 % purity in a 

single step at the expenditure of 24 kJ/molH2, with an electrical energy output of 90 
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kJ/molH2. A laboratory-level prototype purifier can purify hydrogen even from a 

quaternary mixture of contaminants, including hydrocarbons, CO2, and N2 commonly 

encountered in the exhaust of a steam reformer in a single step, and the purified H2 can 

be directly fed to a commercial proton exchange membrane fuel cell (PEMFC) for further 

energy conversion. Though carbonate accumulation is present in this device during the 

impurity removal from CO2-contaminated streams, this is the first approach where CO2 is 

captured, and pure hydrogen is released during concomitant electric power production. 

It is to be noted that in a perfectly sealed anodic half-cell, CO2 contamination from 

atmospheric air can be controlled reasonably. The methods to address carbonate 

accumulations are to set up a flow cell or to raise the operation temperature because the 

solubility of CO2 in the alkaline medium is lower at higher temperature.39 Nevertheless, 

this spontaneous fuel purifier serves as the first example wherein electric power can be 

harnessed during fuel purification as well as fuel utilization, thereby demonstrating a 

major leap in the hydrogen economy.  

3.3 Experimental Section 

3.3.1 Materials 

H2SO4 (98%), NaOH (97%), oxalic acid (98%), AgCl (98 %), KCl (99%), H2O2 and 

phenolphthalein were obtained from Sigma Aldrich. Pt supported on carbon catalyst (0.5 

mg/cm2 Pt/C), and   Nafion-117 membrane were obtained from Fuel Cell Store (USA). 

3.3.2 Electrochemical Study (Single Compartment) 

Electrochemical measurements were performed using a Biologic (VMP-300) 

electrochemical workstation. Cyclic voltammetry experiments were conducted using a 

three-electrode system. Platinum (0.031 cm2) was used as the working electrode, and a 

larger area of platinum mesh was used as the counter electrode. Ag/AgCl (3.5M KCl) was 

used as the reference electrode. 15 mL of electrolyte was used for each measurement.  

3.3.3 In-situ Electrochemical Mass Spectrometry 

In-situ electrochemical mass spectrometry was conducted with an HPR-40 (Hiden 

Analytical) quadruple mass analyzer using a standard QIC inlet. The study was carried 

out with the help of a ‘T’ shaped connector where three sides are a mass spectrometer 

inlet, cell outlet, and exhaust to the surroundings. For the cathodic half-cell experiments, 
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Argon (Ar) was used as the carrier gas, and in the case of the anodic half-cell, the impure 

mixture (anodic feed gas mixture) was fed directly to the mass spec. The generated gas 

flow from the cell was channeled to mass the spectrometer inlet via the ‘T’ connector. 

3.3.4 Electrochemical Study (Double compartment) 

A laboratory prototype in a two-compartment configuration was fabricated out of poly-

acrylic sheets for spontaneous H2 purification. Nafion-117 membrane was used to 

separate the two half-cells of the device. Nafion-117 membrane was pretreated with acidic 

H2O2 solution at 80⁰C before using in the cell. To avoid intercompartment leakage, the 

membrane was placed between two silicone washer gaskets. The volume of the acid and 

alkali used was 12 mL in both the half-cells. The anodic electrocatalysts were Pt/C coated 

on Toray carbon paper, and the cathodic electrocatalysts were electrodeposited Pt on Ti 

mesh (obtained by applying 5 mA/cm2 constant current for 10 mins in chloro-platinic acid 

solution). The loading of respective catalysts is provided in Table 3.2.  

Table 3.2: Catalyst loading used at the anodic and cathodic half-cells of the spontaneous 

fuel purifier. 

 

 

 

 

 

All the electrochemical experiments were performed under room temperature and 

pressure. Quantification of generated hydrogen was carried out by water displacement 

technique. The concentration of anolyte and catholyte was measured by acid-base 

titration with a phenolphthalein indicator. Oxalic acid was used as the primary standard. 

Firstly, the prepared NaOH was standardized with oxalic acid. Then, the catholyte from 

the cell is titrated with the standardized NaOH, and the concentration of the catholyte is 

determined. The concentration of anolyte is determined by titration with the oxalic acid. 

 

 Cathode Anode 

Catalyst Pt on 

Ti mesh 

Pt/C 

(Pt:C = 2:3) 

Amount 1.5 mg/cm2 1 mg/cm2 
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Abstract 

Electrocatalyst poisoning impurities, even in trace quantities, severely damage fuel cell 

catalysts, clog active sites and drastically diminish the efficiency and performance of 

hydrogen-based technologies. Current purification methods face issues like huge energy 

demand, high costs, and extreme conditions, threatening the feasibility of a sustainable 

hydrogen economy. Differing from existing approaches, a hydrogen fuel purification 

pathway during electricity production is demonstrated by harvesting the energy of water 

formation to selectively remove catalyst poisoning impurities such as CO and H₂S in a 

single step under ambient weather conditions. Using a non-precious and poison-resistant 

electrocatalytic architecture, the system becomes durable and produces purified 

hydrogen for direct utilization in a proton exchange membrane fuel cell (PEMFC). Unlike 

traditional uphill electrolytic methods, this spontaneous galvanic process combines 

efficient purification with power generation, advancing the hydrogen economy's 

sustainability. 
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4.1 Introduction  

The global shift towards sustainable energy systems has intensified the need for green 

hydrogen as a versatile and eco-friendly energy carrier.1-3 Hydrogen’s high gravimetric 

energy density and its potential to decarbonize multiple sectors make it a potential future 

fuel for the transition to a net-zero carbon energy future.4,5 However, the widespread 

adoption of hydrogen depends on the successful implementation of the major branches 

of the hydrogen economy such as hydrogen production, and hydrogen utilization.6,7 

Current hydrogen production methods, such as steam methane reforming (SMR), 

biomass gasification, and partial oxidation, often yield hydrogen mixed with impurities 

like carbon monoxide (CO), sulfur compounds, and other trace gases.8-14 These impurities 

not only lower the proportion of hydrogen in the stream but also severely poison the fuel 

cell catalysts during the fuel utilization stage and that in turn drastically reduce the 

efficiency of hydrogen-based systems.15-17 The impurities bind with the platinum-based 

electrocatalysts and clog up the active catalytical sites for hydrogen redox.18,19 This will 

reduce the rate of the hydrogen oxidation reaction within the fuel cell, severely impacting 

its performance and long-term efficiency.18-21 Even trace concentrations of these 

impurities as low as a few parts per million (ppm) can substantially degrade the efficiency 

of a hydrogen fuel cell.15,21,22 These factors demand an intermediate step of hydrogen fuel 

purification between the production and utilization stages of hydrogen fuel.12,23 Traditional 

hydrogen purification methods, including pressure swing adsorption (PSA), cryogenic 

distillation, and membrane-based separation, are well-established but have significant 

technological and financial limitations.24-26 PSA and cryogenic techniques, while effective 

for large-scale operations, are highly energy-intensive and often require extreme 

pressures and temperatures.24,25,27 Membrane-based systems, particularly those using 

palladium-based materials, offer high selectivity and efficiency but are limited by their 

high cost, susceptibility to fouling, and degradation under harsh conditions.24,28-30 Taken 

together, these energy-demanding hydrogen production techniques, completely derail 

the hydrogen economy from its sustainable future.8,10,24-27 

 Taking a detour from the traditional purification methods, spontaneous hydrogen 

fuel purification via harnessing water formation energy from a mixture of poisonous 

contaminants is explored. Under ambient conditions, impure fuel mixtures with 
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poisonous contaminants can be refined in a single step with the added benefit of electric 

power generation. By employing a poison-resisting electrocatalyst in the fuel purifier, the 

electrode poisoning is decently suppressed even in the presence of impurities like CO 

and H2S. The purified hydrogen can then be directly supplied to a commercial proton 

exchange membrane fuel cell (PEMFC) for further energy conversion. Unlike previous 

studies on electrochemical fuel purification, which rely on electrolytic methods following 

a thermodynamically uphill pathway, this spontaneous fuel purifier operates as a galvanic 

system, achieving purification via a thermodynamically downhill process. This innovative 

H₂ purifier represents a significant advancement toward a sustainable hydrogen economy 

by combining hydrogen separation with simultaneous electric power generation.  

4.2 Results and Discussion 

The fuel purification system consists of an anodic alkaline half-cell and a cathodic acidic 

half-cell, separated by a cation-conducting Nafion-117 membrane (Scheme 4.1). Platinum 

supported on carbon (Pt/C) serves as the electrocatalyst in the anodic alkaline half-cell, 

while the cathodic acidic half-cell uses platinum electrodeposited on a titanium mesh 

(applied at a constant current of 4 mA/cm² for 5 minutes) as the electrocatalyst. 

 

Scheme 4.1: Schematics of spontaneous hydrogen fuel purifier to purify hydrogen from 

catalyst poisoning impurities under ambient weather conditions. 
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To prove the prospects of the device for applications, fuel purification experiments 

were carried out with catalyst poisoning feed gas streams, including CO and H2S. It is well 

known that CO and H2S beyond a few ppm can poison the electrocatalytic domains. To 

understand how poisonous impurity affects electrochemistry, we verified the fuel 

purifier’s performance with binary fuel mixtures when Pt/C is employed as an anodic 

electrocatalyst. From Figures 4.1a and 4.1b, it is very clear that even 1000 ppm of toxic 

impurity diminishes the performance matrix of the fuel purifier. The power delivery 

(Figure 4.1a) and the voltage output (Figure 4.1b) during the purifications of these 

impurities decreased even half of the magnitude as compared to the pure hydrogen case. 

To get rid of the poisoning, the bi-metallic electrocatalyst of Pt-Ru is employed instead of 

only Pt-based electrocatalyst as it is renowned that the poisoning can be arrested 

noticeably by employing bifunctional electrocatalysts like Pt-Ru.31,32 Linear sweep 

a b 

c d 

Figure 4.1: a) Polarization curves and b) galvanostatic polarizations at a constant current 

density of 25 mA/cm2 for the fuel purifier with Pt/C as anodic electrocatalyst. Pure H2, 

H2-H2S (1000 ppm H2S), and H2-CO (1000 ppm CO) binary mixtures are used as anodic 

feed gas streams. c) Rotating disk electrode measurements during hydrogen oxidation 

reaction at 1600 rpm at a scan rate of 5 mV/s on a Pt-Ru/C electrode for c) H2-CO (1000 

ppm CO) and d) H2-H2S (1000 ppm H2S) binary mixtures.  
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voltammograms have been performed at a scan rate of 5 mV/s with Pt-Ru/C electrode 

at a rotation of 1600 rpm for impure gas mixtures in 1 M NaOH solution. In the case of 

an H2-CO mixture (1000 ppm), the limiting current density is comparatively lower, and 

the oxidation potential is positively shifted, which is attributed to the adsorption of CO 

onto Pt domains33,34 (Figure 4.1c, Table 4.1); however, a very stable limiting current 

demonstrates the capability of Pt-Ru electrode to resist CO poisoning in a bifunctional 

pathway well reported in the literature.32 When the H2-H2S mixture (1000 ppm H2S) was 

purged into the electrolyte, a slight decrease in limiting current density compared to pure 

hydrogen was observed, which may be due to the slow adsorption of sulfur onto the 

electrode surface35 (Figure  4.1d, Table 4.1). 

Table 4.1: Comparison table of limiting current densities and overpotential (at 3 

mA/cm2) for various gas mixtures on a Pt-Ru/C electrode. 

Impure Mixtures Limiting Current 

(mA/cm2) 

Overpotential (mV).    

(at 3 mA/cm2) 

Pure H2 7.9 0 

H2-CO (1000 ppm CO) 4.3 162 

H2-H2S (1000 ppm H2S) 7.3 6 

 

Therefore, a Pt-Ru-based anodic electrocatalyst is utilized in the spontaneous fuel 

purifier for the purification of binary mixtures of CO and H2 (1000 ppm CO). With Pt-

Ru/C, a peak power density of nearly 20 mW/cm2 at a peak current density of 60 mA/cm2 

is observed in the polarization curve (purple trace in Figure 4.2a), and the performance 

metrics are noticeably higher compared to pure Pt/C, red trace in Figure 4.1a. The 

chronopotentiometry at a constant current density of 25 mA/cm2 (Figure 4.2b) also 

reflects the superior performance of Pt-Ru/C as compared to Pt/C, which confirms the 

employment of a Pt-Ru catalyst as a poison-resistant anodic electrocatalyst. In line with 

this, during the purification of H2-CO binary mixture (1000 ppm CO) with a Pt-Ru/C 

electrode, in-situ electrochemical mass spectrometry suggests the drop in partial pressure 

of H2 in the anodic half-cell (red trace in Figure 4.2c) is commensurate to the rise in partial 



Chapter 4 

Ph.D. Thesis, Ritwik Mondal, IISER Pune 85 

pressure of H2 in the cathodic half-cell (green trace in Figure 4.2c). In the cathodic half-

cell, the presence of CO is almost negligible (blue trace in Figure 4.2c), and extremely 

pure H2 gas with impurity CO levels, lower by 99.92% compared to the anodic CO levels 

is achieved. Following the purification of the H2-CO (1000 ppm CO) binary gas mixture, 

the concentration of H⁺/OH⁻ dual ions was measured (Figure 4.2d), revealing a linear 

relationship between the charge passed and the consumption of H⁺/OH⁻ ions.  

Similarly, with an H2-H2S gas mixture (1000 ppm H2S), the Pt-based purifier 

demonstrated a decrement in the power and current density (blue traces in Figure 4.1a), 

which is further clear from the galvanostatic polarization (at 25 mA/cm2), blue trace in 

Figure 4.1b. This may be due to the slow adsorption of sulfur on the electrode surface.36,37 

a b 

c d 

Figure 4.2: a) Polarization curves and b) galvanostatic polarizations at a constant current 

density of 25 mA/cm2 for the fuel purifier with Pt/C and Pt-Ru/C as anodic 

electrocatalysts. Pure H2 and H2-CO (1000 ppm CO) binary mixtures are used as anodic 

feed gas streams. c) In-situ electrochemical mass spectra during fuel purification for the 

anodic half-cell and the cathodic half-cell of the fuel purifier with H2-CO (1000 ppm CO) 

gas mixture as anodic feed gas stream. d) Pre- and post-purification H+/OH- dual ion 

concentrations and the charge passed during galvanostatic polarization at 25 mA/cm2 in 

1 hour with H2-CO (1000 ppm CO) binary gas mixture. 
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With Pt-Ru/C, the polarization curve with H2S (1000 ppm H2S) exhibited a peak power 

density of nearly 25 mW/cm2 at a peak current density of nearly 70 mA/cm2 (red trace 

in Figure 4.3a), which is higher than the performance metrics with Pt/C, (black trace in 

Figure 4.3a). Chronopotentiometry at a constant current density of 25 mA/cm² (Figure 

4.3b) demonstrates the superior performance of Pt-Ru/C compared to Pt/C, confirming 

the effectiveness of the Pt-Ru catalyst as a poison-resistant anodic electrocatalyst. The in-

situ electrochemical mass spectrometry during spontaneous fuel purification of H2-H2S 

mixture (1000 ppm H2S) shows that there is consumption of H2 in the anodic half-cell (red 

trace in Figure 4.3c) and generation of pure H2 streams in the cathodic half-cell (green 

trace Figure 4.3c) with impurity H2S levels lower by 99.90% compared to the anodic H2S  

a b 

c d 

Figure 4.3: a) Polarization curves and b) galvanostatic polarizations at a constant current 

density of 25 mA/cm2 for the fuel purifier with Pt/C and Pt-Ru/C as anodic 

electrocatalysts. Pure H2 and H2-H2S (1000 ppm H2S) binary mixtures are used as anodic 

feed gas streams. c) In-situ electrochemical mass spectra during fuel purification for the 

anodic half-cell and the cathodic half-cell of the fuel purifier with H2-H2S (1000 ppm H2S) 

gas mixture as anodic feed gas stream. d) Pre- and post-purification H+/OH− dual ion 

concentrations and the charge passed during galvanostatic polarization at 25 mA/cm2 in 

1 hour with H2-H2S (1000 ppm H2S) binary gas mixture. 
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levels. After the purification of the H2-H2S (1000 ppm H2S) binary gas mixture, the 

concentration of H+/OH− dual ion was measured, Figure 4.3d, and a linear 

correspondence was obtained between the charge passed and H+/OH− dual ion 

consumption. It is to be noted that H2S can react with NaOH to form NaHS.38 However, 

the amount of H2S usually present in anodic feed gas streams is very low in concentration, 

and hence, hydroxyl consumption by H2S may not pose a threat to device operation under 

normal circumstances.   

Since Pt-Ru/C is a precious metal-based electrocatalyst, to further reduce the cost  
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Figure 4.4: a) XRD pattern b) FESEM image and (c) region of EDAX elemental mapping. 

Elemental mapping images for (d) carbon, (e) nickel, and (f) oxygen of C-embedded Ni 

nanoparticles. 
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of fuel purification, Ni-based electrocatalyst is employed as a poison tolerant alternative39-

41. Ni/C has been synthesized42 and characterized Ni/C (Figure 4.4), confirming its 

successful formation. With Ni/C as the catalyst, the hydrogen oxidation reaction has been 

carried out with binary poisonous mixtures, Figure 4.5a, 4.5b, and Table 4.2. The outlined 

data shows that Ni/C poisoning can be reasonably addressed (Figures 4.5a and 4.5b). In 

device mode, it can achieve a peak power density of 20 mW/cm2 at the peak current 

density of 55 mA/cm2 with an H2-CO binary mixture (1000 ppm CO), orange trace in 

Figure 4.5c. It should be noted that Pt-Ru/C has superior H2S tolerance than Pt/C and 

Ni/C which is due to slower adsorption kinetics towards S2- species.37 Galvanostatic 

polarization at a constant current density of 25 mA/cm2 exhibits stable performances  

 

a b 

c d 

Figure 4.5: a) Rotating disk electrode measurements during hydrogen oxidation 

reaction at 1600 rpm at a scan rate of 5 mV/s on a Ni-based electrode for (a) H2-CO 

binary mixture (1000 ppm CO), and b) H2-H2S binary mixture (1000 ppm H2S) in 1 M 

NaOH solution. c)  Polarization curves and d) galvanostatic polarizations at a constant 

current density of 25 mA/cm2 for the device with H2-CO (1000 ppm CO) binary mixture 

and H2-H2S (1000 ppm H2S) binary mixture as feed gas streams with Ni/C as anodic 

electrocatalysts.  
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during the purification of poisonous impurities, Figure 4.5d. All these reveal that a 

spontaneous fuel purifier driven by the water formation energy can be employed to purify 

catalyst poisoning impurities by proper engineering of electrocatalytic domains.  

Table 4.2: Comparison table of limiting current densities and overpotential (at 3 

mA/cm2) for various gas mixtures on a Ni/C electrode.  

Impure Mixtures Limiting  

Current (mA/cm2) 

Overpotential (mV) 

(at 2 mA/cm2) 

Pure H2 4 115.7 

H2-CO (1000 ppm CO) 2.85 269 

H2-H2S (1000 ppm H2S) 3.55 123 

One of the important challenges of electrochemical fuel purification is the 

generation of highly pure H2 in the cathodic half-cell even in the presence of ambient air, 

as Pt-based cathodic electrocatalysts can participate in proton-consuming oxygen  

a 

c 

b 

Figure 4.6: a) XRD, b) SEM image and c) EDX spectrum of as synthesized MoS2. 
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reduction reactions.43 To enable spontaneous fuel purification even in the presence of 

ambient air (dissolved oxygen in the electrolyte), we have employed MoS2 based 

a b 

c d 

f e 

Figure 4.7: a) In-situ electrochemical mass spectrometry of the cathodic half-cell of the 

fuel purifier with Pt as the cathodic electrocatalyst in the presence and absence of 

oxygen. b) Linear sweep voltammograms of Pt and MoS2 electrodes in the presence of 

oxygen in 0.5 M H2SO4 at a scan rate of 20 mV/s. c) Polarization curve and d) 

galvanostatic polarization (at 30 mA/cm2) of the purifying device equipped with MoS2-

based cathodic electrocatalyst. e) In-situ electrochemical mass spectrometry of the 

cathodic half-cell of the fuel purifier with MoS2 as the cathodic electrocatalyst in the 

presence and absence of oxygen. f) Polarization curve of the Pt-free fuel purifier equipped 

with Ni/C as anodic electrocatalyst and MoS2/rGO as the cathodic electrocatalyst. Inset 

shows the galvanostatic polarization when a current of 30 mA/cm2 is drawn from the Pt-

free fuel purifier. 
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electrocatalyst (synthesis is carried out as per literature44-47), as a selective hydrogen 

evolution reaction catalyst. Detailed characterization, including XRD, SEM, and EDS, 

reveals the formation of the MoS2 electrocatalyst (Figure 4.6). Firstly, in-situ 

electrochemical mass spectrometry of the cathodic half is performed in the presence and 

absence of oxygen with a Pt/C cathode, Figure 4.7a). With Pt/C as the cathodic 

electrocatalyst, the partial pressure of evolved hydrogen in the presence of oxygen 

(orange trace in Figure 4.7a) is lower as compared to the absence of oxygen, violet trace 

in Figure 4.7a. The quantity of generated H2 is decreased in the presence of oxygen,  

Figure 4.7a with the platinum as cathodic electrocatalyst. To address the issue, the linear 

sweep voltammogram was carried out with Pt and MoS2 electrocatalysts, and it 

demonstrates that MoS2 selectively catalyzes hydrogen evolution reaction even in the 

presence of oxygen, unlike a Pt electrode (Figure 4.7b). When the cathode of the 

spontaneous fuel purifier (with a Pt/C-based anode) is replaced by a MoS2-based 

electrode, a peak power density of nearly 30 mW/cm2 at a peak current density of nearly 

90 mA/cm2 is obtained with pure H2 as anodic feed gas (Figure 4.7c). Galvanostatic 

polarization at a constant current density of 30 mA/cm2, (Figure 4.7d) shows a stable 

voltage output for a sufficiently longer duration. In-situ electrochemical mass 

spectrometry with MoS2-based cathode shows the feasibility of fuel purification even in 

the presence of dissolved oxygen. With MoS2 as a cathodic electrocatalyst, the presence 

of oxygen does not affect the fuel purification, Figure 4.7e. Taken together, by employing 

selective HER catalysts, fuel purification can be achieved even under an open-air 

atmosphere. In addition, it is shown that engineering of catalytic domains can assist in 

finding non-precious electrocatalysts for this fuel purifier because both HER in acid and 

HOR in alkali are relatively easily catalysable electrochemical reactions. So, it is 

attempted to fabricate a Pt-free fuel purifier by exploiting the hydrogen oxidation 

capability and poison tolerance of Ni/C (Figure 4.5) and hydrogen evolution capability of 

MoS2/rGO (Figure 4.7) as demonstrated before. The Pt-free fuel purifier demonstrated a 

peak power density of 25 mW/cm2 at a current density of 55 mA/cm2 (Figure 4.7f and its 

inset), which attests to the prospects for further decreasing the cost for fuel purification 

by using this spontaneous fuel purifier. The system employs a poison-resistant 

electrocatalyst to minimize electrode poisoning and deliver purified hydrogen for direct 

use in commercial proton exchange membrane fuel cells (PEMFCs). Under open-air 
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conditions, this thermodynamically downhill process integrates efficient hydrogen fuel 

purification with power generation in a single step, contributing to a more sustainable 

hydrogen economy. 

4.3 Conclusion 

The transition to sustainable energy systems has underscored the critical role of green 

hydrogen as a clean and versatile energy carrier for achieving a net-zero future. 

Conventional hydrogen production methods, such as steam methane reforming, biomass 

gasification, and water electrolysis, often produce hydrogen mixed with impurities like 

carbon monoxide (CO) and sulfur compounds, which poison platinum-based fuel cells 

even at trace levels. Energy-intensive and expensive purification methods pose barriers 

to the hydrogen economy's sustainability. In the proposed approach, a new pathway for 

hydrogen fuel purification has been developed, by harvesting the energy of water 

formation to remove poisonous contaminants spontaneously while simultaneously 

generating electric power. With Pt-Ru/C or Ni/C as anodic electrocatalysts for the fuel 

purifier, electrode poisoning caused by impurities like CO and H₂S was suppressed, and 

very pure hydrogen was generated at the cathodic exhaust of the fuel purifier. Even under 

ambient open-air conditions, it achieves purification through a thermodynamically 

downhill process with the help of a selective hydrogen evolution reaction electrocatalyst. 

It offers a cost-effective, an energy-efficient, and a sustainable alternative to traditional 

methods, paving the way for a broader adoption of green hydrogen as a cornerstone of 

future energy systems. 

4.4 Experimental Section 

4.4.1 Materials 

H2SO4 (98%), NaOH (97%), oxalic acid (98%), Ammonium molybdate tetrahydrate 

(NH4)6Mo7O24. 4H2O, sulfocarbamide (CS(NH2)2), KCl (99%), H2O2 and phenolphthalein 

were procured from Sigma Aldrich. Pt supported on carbon catalyst (0.5 mg/cm2 Pt/C), 

and   Nafion117 membrane were collected from Fuel Cell Store (USA). 

4.4.2 Electrochemical Study (Single compartment) 

Electrochemical measurements were carried out using a Biologic VMP-300 

electrochemical workstation. Cyclic voltammetry experiments employed a three-



Chapter 4 

Ph.D. Thesis, Ritwik Mondal, IISER Pune 93 

electrode setup, with a platinum electrode (0.031 cm²) as the working electrode and a 

larger platinum mesh serving as the counter electrode. An Ag/AgCl (3.5 M KCl) electrode 

was used as the reference. Each measurement utilized 15 mL of electrolyte. 

4.4.3 In-situ Electrochemical Mass Spectrometry 

In-situ electrochemical mass spectrometry was performed using an HPR-40 quadrupole 

mass analyser (Hiden Analytical) with a standard QIC inlet. The setup included a ‘T’- 

shaped connector with three ports: one for the mass spectrometer inlet, one for the cell 

outlet, and one for exhaust to the surroundings. For cathodic half-cell experiments, argon 

(Ar) served as the carrier gas, while for anodic half-cell experiments, the impure anodic 

feed gas mixture was fed directly into the mass spectrometer. The gas generated from 

the cell was directed to the mass spectrometer inlet through the ‘T’ connector. 

4.4.4 Electrochemical Study (Double compartment) 

A laboratory prototype for spontaneous H₂ purification was constructed using a two-

compartment design made from poly-acrylic sheets. The compartments were separated 

by a Nafion 117 membrane, which was pretreated in an acidic H₂O₂ solution at 80°C 

before assembly. To prevent intercompartment leakage, the membrane was secured 

between two silicone washer gaskets. Each half-cell contained 12 mL of acid and alkali 

solutions. The anodic electrocatalysts—Pt/C, Pt-Ru/C, and Ni/C—were coated onto 

Toray carbon sheet, while the cathodic electrocatalysts included electrodeposited Pt on 

Ti mesh (achieved by applying a constant current of 5 mA/cm² for 10 minutes in a chloro-

platinic acid solution) and MoS₂/rGO coated on Toray carbon paper. The respective 

catalyst loadings are detailed in Table 4.3. 

Table 4.3: Catalyst loading used at the anodic and cathodic half-cells of the fuel purifier. 

 Cathode Anode 

Catalyst MoS2/rGO 

(MoS2: 

rGO = (1: 

4) 

Pt on 

Ti mesh 

Pt-Ru/C 

(Pt: Ru: C =2: 3) 

(Pt: Ru = 2: 1) 

Ni/C 

(Ni: C = 3: 2) 

Pt/C 

(Pt: C = 2: 3) 
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Amount 2 mg/cm2 1.5 mg/cm2 1 mg/cm2 1 mg/cm2 1 mg/cm2 

 

The concentrations of the anolyte and catholyte were determined through acid-

base titration with phenolphthalein as an indicator.  Initially, the prepared NaOH solution 

was standardized against oxalic acid, which is the primary standard. Subsequently, the 

catholyte from the cell was titrated with the standardized NaOH to determine its 

concentration. Similarly, the anolyte concentration was determined by titration with 

oxalic acid. Hydrogen generation was quantified using the water displacement technique. 

All electrochemical experiments were conducted at room temperature and pressure.  
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Abstract 

The extreme significance of heavy hydrogen (D2) in medicinal, nuclear, and chemical 

sectors, despite its scarce natural abundance, underscores the vital imperative for 

inventing novel chemistries for its production. A spontaneous heavy hydrogen generator 

is demonstrated during commensurate electrical energy production by decoupling the 

direct chemistry of OD−/D+ dual ions via a pH-dependent protium redox. This exergonic 

electrochemistry yields 357 mL of D2 in nearly 85 hours of continuous electrolysis, with 

a commensurate electrical energy output of 122 kJ/per mole of D2. This laboratory-level 

demonstration of spontaneous heavy hydrogen production presents a novel chemistry for 

the scalable manufacture of non-primordial D2. 
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5.1 Introduction 

Despite being the third most abundant element in the universe, deuterium's natural 

abundance on Earth is a mere 0.01%.1-3 Heavy hydrogen has extensive applications in 

various sectors, including nuclear magnetic resonance, drug development, medicinal 

chemistry, biochemical tracer, deuterated industrial chemical synthesis, and neutron 

moderator in nuclear reactors.4-9 Having an excess neutron in the nucleus, deuterium (D2) 

is electrochemically distinct from protium (H2).10 With regard to its low zero point energy, 

small ion product, and significant dehydration energy of heavy water (D2O), deuterium 

exhibits the electrochemical isotopic effect (EEI).11-15 The sole non-primordial D2 

production mechanisms are cryogenic, photocatalytic, and electrochemical processes.2,16-

20 There are few pieces of evidence to show that electrolysis of heavy alkaline (NaOD in 

D2O) or heavy acidic water (D2SO4 in D2O) can lead to deuterium (D2) production. Still, it 

demands a high applied voltage of nearly 1.6 V to initiate the electrochemical production 

of heavy hydrogen.20-22 However, the severe conditions render the process economically 

unfeasible and mostly inconvenient.16,20-25 

 In contrast to the endergonic processes for deuterium synthesis, a spontaneous 

deuterium generator is demonstrated operating along a thermodynamically downhill 

pathway during concurrent electrical power delivery under natural weather conditions. 

The foundation of this spontaneous deuterium generator relies on the instantaneous 

interconversion of the redox energy of OD−/D+ dual ions by hydrogen redox. A 

laboratory-level deuterium-generating prototype produces 357 ml of heavy hydrogen in 

nearly 85 hours of continuous electrolysis under ambient conditions with a commensurate 

electric power output of 122 kJ/per mole of D2.  

5.2 Results and Discussion 

This spontaneous heavy hydrogen generator comprises two half-cells separated by a 

Nafion 117 membrane, as illustrated in Scheme 5.1.  The anolyte is a sodium deuteroxide 

(NaOD) solution in heavy water (D2O) with a platinum-based electrocatalyst as the anodic 

electrocatalyst.  
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Scheme 5.1 Schematics of spontaneous electrochemical deuterium generator under 

ambient weather conditions. 

Dideuterosulphuric acid (D2SO4) solution in heavy water (D2O) serves as the 

catholyte, with a platinum-based electrode as the cathodic electrocatalyst. The Nafion 

117 membrane was treated with D2SO4/D2O solution for 12 hours for activation. In this 

architectural design, the direct acid (pD = 0) alkali (pD = 14) chemistry is decoupled, and 

an inbuilt electromotive force of 0.85 V (∆G⁰ = -83.5 kJ/mol) will be developed between 

the two half-cells (Calculation 5.1).  

Calculation 5.1 

Net cell reaction for heavy hydrogen system 

H+ + OD− ↔ HOD  

Enthalpy change for the reaction 

∆H0 = H0 (HOD) – H0 (H+) – H0 (OD−)  

       = – 289.3 – 0 – (– 231.9) 

       = – 57.4 kJ/mol 

Entropy change for the reaction 

∆S0 = S0 (HOD) –S0(H+) – S0 (OD−)  
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      = 79.3 – 0 – (– 8.3) 

       = 87.6 J/ K mol = 0.0876 kJ/K mol 

Gibbs free energy of the reaction 

∆G0 = ∆H0 – T∆S0 

            = – 57.4 – (298 * 0.0876) 

        = – 83.5 kJ/mol 

∆G0 = – nFE0 

   E0 = – ∆G0 /nF 

   E0 = – (– 83500)/1*96500 

   E0 = 0.85 V 

0.85 V of electromotive force can be harvested from the heavy hydrogen system. 

Nevertheless, because of the non-redox nature of the recombination reaction of 

OD−/D+ dual ions, it cannot be harvested directly as an electrical driving force. To make 

this direct interconversion possible, hydrogen redox is employed because the acid-base 

reaction is just the difference between the hydrogen redox in the alkaline electrolyte and 

the acidic electrolyte (equations 5.1 and 5.2). These suggest that hydrogen is consumed 

in the alkaline anolyte with concomitant hydrogen evolution in the acidic catholyte. 

Hence, the overall reaction chemistry does not involve any net consumption of hydrogen 

fuel (equation 5.3). On replacing the acidic half-cell with D2SO4 instead of H2SO4, this 

chemistry should evolve D2 instead of H2 at the expense of hydrogen fuel in the anodic 

half-cell, equations 5.4 to 5.6.  

In the case of the hydrogen system, 

Anodic half-cell reaction:   

2H2O + 2e− ↔  H2 + 2OH−   (equation 5.1) 

Cathodic half-cell reaction:  

2H+ + 2e− ↔  H2    (equation 5.2) 
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Overall cell reaction:   

2H+ + 2OH− ↔  2H2O    (equation 5.3) 

In the case of the deuterium system,  

Anodic half-cell reaction:   

2HOD + 2e− ↔  H2 + 2OD−   (equation 5.4) 

Cathodic half-cell reaction:  

2D+ + 2e− ↔  D2    (equation 5.5) 

Overall cell reaction:   

2D+ + 2OD− + H2  ↔  2HOD + D2  (equation 5.6) 

To check its feasibility, deuterium and hydrogen redox reactions were probed in 

the acidic and alkaline media. In the cyclic voltammograms, the anodic peak corresponds 

to the deuterium/hydrogen oxidation reaction (DOR/HOR), and the cathodic currents 

are due to the deuterium/hydrogen evolution reaction (DER/HER). In deuterated 

sulphuric acid solution (D2SO4), the deuterium evolution reaction is negatively shifted as 

compared to H2SO4, with a similar shift in corresponding alkaline solutions, Figure 5.1a, 

Figure 5.1b and Table 5.1.  

Table 5.1. Cathodic and anodic currents extracted from Figures 5.1a and 5.1b.  

Electrolyte Anodic peak current 

(HOR/DOR) 

Cathodic current at  = 0.035 

V (HER/DER) 

H2SO4 0.049 mA/cm2 -0.55 mA/cm2 

D2SO4 0.050 mA/cm2 -0.50 mA/cm2 

NaOH 0.033 mA/cm2 -0.23 mA/cm2 

NaOD 0.026 mA/cm2 -0.16 mA/cm2 
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This is attributed to the electrochemical isotopic effect (EEI) caused by deuterium's lower 

zero-point energy coupled with heavy water's high dehydration energy.11-13, 26-28 For D2O, 

the elevated activation energy, stemming from its lower zero-point energy, leads to a 

relatively high overpotential for the deuterium evolution reaction.11 The smaller ionic 

product of D2O (Kw(H2O) = 10−14 mol2 L−2,  Kw(D2O) = 0.25×10−14 mol2 L−2) also translates 

to a lower concentration of D⁺ ions in the solution, consequently resulting in a decreased 

rate of the deuterium evolution reaction.11,13 The disparity in zero-point energy (ZPE) 

between D and H leads to a difference in the solvation or hydration energy between D2O 

and H2O. Due to the mass increment from H to D, the nuclear-electron vibration becomes 

weaker for D systems, resulting in higher solvation energy in the case of D2O.11 The higher 

dehydration energy of D2O also renders the deuterium evolution reaction (DER) less 

Figure 5.1: a) Hydrogen redox in acidic (wine red trace) and deuterium redox in heavy 

acidic (red trace) electrolytes. b) Hydrogen redox in alkaline (sky blue trace) and 

deuterium redox in heavy alkaline (violet trace) electrolytes. c) Tafel plots for HER in 

acidic (wine red trace) and DER in heavy acidic (red trace) electrolytes. d) Tafel plots for 

HER in alkaline (sky blue trace) and DER in heavy alkaline (violet trace) electrolytes. 
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electrochemically favorable compared to the hydrogen evolution reaction (HER) in 

H2O.11,14 As the entropy change of the D system is relatively more positive than the H 

system, the energy harvesting from the surroundings will be higher for the former as 

compared to the latter (Calculations 5.1 and 5.2). This leads to a slightly higher 

thermodynamic efficiency for the D system (1.45) (Calculation 5.1) compared to the H 

system 1.43 (Calculation 5.2). To investigate the kinetic behavior, we have derived the 

Tafel slope values for hydrogen and heavy hydrogen evolution reaction (HER/DER) in 

acidic and alkaline media. It has been observed that HER has a lower Tafel slope 

compared to DER in both the media, Figure 5.1c and 5.1d, resulting in a relatively faster 

reaction kinetics for HER than DER. This may be attributed to the relatively lower zero-

point energy of the D2O and its smaller ionic product compared to H-based systems.10-14 

Figure 5.2: a) The accessible potential difference available based on the gradients in dual 

ions concentration (pD gradients) between the electrolytes. b) Single electrode potentials 

of the half cells of the two-electrode device with pD gradients of 14 (anodic) and 0 

(cathodic). c) Polarisation curves for the two-compartment device with NaOH-H2SO4 

(orange trace) and NaOD-D2SO4 (violet trace) dual electrolyte systems. d) Polarisation 

curve for electrochemical heavy hydrogen generator without H2 feed at the anodic half-

cell with NaOD/D2O as anolyte and D2SO4/D2O as catholyte. 
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In summary, these characteristics of D2O lead to a distinct electrochemical disparity in its 

activity compared to H2O.  In line with these, a positive potential difference of around 

0.85 V (Calculation 5.2) is observed between the hydrogen redox in an alkaline medium 

(pD = 14, 1 M NaOD) and the deuterium redox in the acidic medium (pD = 0, 0.5 M 

D2SO4), Figure 5.2a. Single electrode potentials Figure 5.2b suggests that hydrogen-fed 

alkaline half-cell exhibits more negative potential than the deuterium evolving acidic half-

cell in the device configurations, resulting in an overall positive cell potential, Figure 5.2b. 

Calculation 5.2 

Net cell reaction for hydrogen system 

H+ + OH− ↔ H2O  

Enthalpy change for the reaction 

∆H0 = H0 (H2O) – H0 (H+) – H0 (OH−)  

       = – 285.8 – 0 – (– 230) 

       = – 55.8 kJ/mol 

Entropy change for the reaction 

∆S0 = S0 (H2O) –S0 (H+) – S0 (OH−)  

       = 69.91 – 0 – (– 10.75) 

       = 80.66 J/ K mol = 0.08066 kJ/K mol 

Gibbs free energy of the reaction 

∆G0 = ∆H0 – T∆S0 

            = – 55.8 – (298 * 0.08066) 

        = – 79.875 kJ/mol 

∆G0 = – nFE0 

   E0 = – ∆G0 /nF 

   E0 = – (– 79875)/1*96500 
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   E0 = 0.82 V 

0.82 V of electromotive force can be harvested from the hydrogen system. 

 Consequently, the heavy alkaline (NaOD) anodic half-cell should experience 

oxidation upon feeding hydrogen (H2) and release electrons (equation 5.4). Upon 

acquiring these electrons, a corresponding deuterium evolution reaction (equation 5.5) 

should occur at the cathodic half-cell with the heavy acidic electrolyte (D2SO4). Since 

heavy hydrogen (D2) is produced at the expense of light hydrogen (H2) during electric 

power delivery (equation 5.6); this device is named a spontaneous heavy hydrogen 

generator. The polarization curve for this deuterium generator exhibits a peak power 

density of 45 mW/cm2 at a current density of nearly 115 mA/cm2 (violet trace in Figure 

5.2c). The performance comparison when D2 evolution is replaced by H2 evolution is 

almost identical, (orange trace in Figure 5.2c). It should be noted that no appreciable 

power density was observed in the absence of hydrogen as the anodic feed, suggesting 

that H2 is the fuel for this deuterium generator, Figure 5.2d. Galvanostatic polarization at 

a constant current density of 40 mA/ cm2 shows a decent voltage output with 

spontaneous deuterium evolution (violet trace in Figure 5.3a). Over time, the potential 

output was observed to gradually decline due to the continuous decline in H+/D+ and 

OH-/OD- dual-ion gradients in the respective half cells, Calculation 5.3. A similar behavior 

is observed when deuterium evolution is replaced by hydrogen evolution, orange trace in 

Figure 5.3a.  

Calculation 5.3 

The total cell reaction for the deuterium generator is:  

½ H2 (g) + D+ (aq) + OD− (aq) → HOD (l) + ½ D2 (g)  

The free energy change for that reaction can be written as follows: 

∆G = ∆Go + RT ln (
𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡⁄ ) 

∆G= ∆Go+ RT ln (
[𝐻𝑂𝐷]

[𝐷+][𝑂𝐷−]⁄ )         

∆G= ∆Go– RT ln [D+] – RT ln [OD−]  

∆G= ∆Go– RT 2.303 (log[D+] + log [OD−])                                                           
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∆G= ∆Go– RT 2.303 (-pD - pOD)  

∆G= ∆Go+ RT 2.303 (pD + pOD) 

∆G= ∆Go+ RT 2.303 (pDA + 14 – pDB), 

where pDA = pD of acidic electrolyte and pDB = pD of alkaline electrolyte 

∆G= ∆Go+ RT 2.303 (pDA – pDB) + RT 2.303*14 

∆G= ∆Go– RT 2.303 ∆pD + RT 2.303*14                                   (pDB>pDA) 

∆G= – 79.8 – 5.7∆pD + 79.8 

∆G= – 5.7 ∆pD 

E = −∆𝐺
𝑛𝐹⁄  = 0.059 ∆pD.                                                                

Figure 5.3: a) Galvanostatic polarisation at a constant current density of 40 mA/cm2 for 

both devices. The correlation between the charge passed and the changes in the H+/D+ 

concentrations in the catholyte and OH−/OD− in the anolyte during the galvanostatic 

polarizations for b) NaOH-H2SO4 electrolyte and c) NaOD-D2SO4 electrolytes. d) Amount 

of D+ in the catholyte and OD− in the anolyte before and after keeping the system under 

open circuit condition for 50 hours. 
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Equation 5.6 suggests that the lifetime of this cell relies on the OD−/D+ dual ion 

concentration gradient between the two half-cells. The dual ion concentrations are 

estimated before and after the electrochemical deuterium evolution, and they are found 

to decrease substantially for both systems after the long-term constant current test, Figure 

5.3b and 5.3c. Following the constant current tests, the left-over dual ion concentrations 

are determined (Figure 5.3b and 5.3c), and the quantity of their consumption is 

commensurate with the amount of charge passed during the constant current test. When 

current is drawn from the device for nearly 5 hours (Figure 5.3a), the remaining electrolyte 

contains only 15 % of dual ions (H+/D+ and OH−/OD−). When no current is drawn, there 

is a minimal fluctuation in the dual-ion concentrations of the device for an extended 

period of 50 hours, Figure 5.3d. Taken together, these suggest that dual ions are 

consumed via an electrochemical route during spontaneous heavy hydrogen generation 

(as shown in equation 5.6).  

 To investigate the working mechanism of the proposed device, in-situ 

electrochemical mass spectrometry is performed with the NaOH-H2SO4 with H+/OH− 

dual ion gradients, Figure 5.4. In the in-situ electrochemical mass spectra, a decrease in 

the partial pressure of hydrogen was noted in the anodic half-cell (indicated by the green 

trace in Figure 5.4a), accompanied by a simultaneous increase in hydrogen partial 

pressure in the cathodic half-cell (depicted by the orange trace in Figure 5.4a) during the 

operation of the cell. This indicates the consumption of H2 at the alkaline anode and 

hydrogen evolution in the cathodic half-cell, thereby corroborating equation 5.4. 

However, in the NaOD-D2SO4 system with D+/OD- dual ion gradients, it was observed 

Figure 5.4: In-situ electrochemical mass spectra for the device with a) NaOH-H2SO4 dual 
electrolytes and b) NaOD-D2SO4 dual electrolytes. 
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that when the cell is kept ON, H2 is consumed at the anodic half-cell (green trace in Figure 

5.4b). Simultaneously, D2 is produced at the cathodic half-cell (violet trace in Figure 5.4b). 

This suggests that D2 is evolved at the cost of the H2 at anode, corroborating equation 

5.5. It is to be noted that a small amount of HD also evolved (whose amount was 

quantified as discussed below), which is attributed to the presence of trace amounts of 

water as an impurity in deuterated solvents. 

 To quantify the amount and faradaic efficiency of evolved deuterium, we have 

correlated the charge passed with respect to the amount of D2, HD, and H2 produced. In-

situ electrochemical mass spectrometry of the cathodic half-cell of the deuterium-

generating device has been carried out, Figure 5.5a. It has exhibited a Faradaic efficiency 

of nearly 92% for D2, 6.5% for HD, and 1.5% for H2 (Figure 5.5b, Calculation 5.4).  

Calculation 5.4 

From Figure 5.5a 

The area under the cell on the portion of the violet trace (D2) = 3.8545 * 10−10 

The area under the cell on the portion of the green trace (HD) = 2.933 * 10−11 

The area under the cell on the portion of the orange trace (H2) = 6.402 * 10−12 

 

D2 = 3.8545 ∗ 10−10

(3.8545 + 0.2933 + 0.06402) ∗ 10−10⁄  

     = 92 % 

HD = 0.2933 ∗ 10−10

(3.8545 + 0.2933 + 0.06402) ∗ 10−10⁄  

      = 6.5 % 

 H2 = 0.064 ∗ 10−10

(3.8545 + 0.2933 + 0.06402) ∗ 10−10⁄  

      = 1.5 % 

The rate capability at various current densities was carried out, as shown in Figure 

5.5c, demonstrating the device's capability to sustain reasonably higher rates. The total 
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gas evolution, including D2, H-D, and H2, is quantified by the water displacement 

technique, which correlates linearly with the total charge passed, Figure 5.5d. The 

cumulative Faradaic efficiency for the entire gas evolution is found to be nearly 100% for 

Figure 5.5: a) In-situ electrochemical mass spectra of the cathodic half-cell of the 

electrochemical deuterium generator with NaOD-D2SO4 dual electrolyte system. b) 

Faradaic efficiency for the electrochemical deuterium evolution. c) Rate capability study 

of the spontaneous heavy hydrogen generator. d) The correlation between charge 

passed and quantity of evolved gas during the constant current test at various current 

densities. e) The quantity of gaseous product and Faradaic efficiency of evolved gas 

during constant current tests at various current densities. f) In situ electrochemical mass 

spectrum during chronopotentiometry staircase test of the spontaneous heavy hydrogen 

generator.  
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all three current densities, Figure 5.5e. Further, the potential output during deuterium 

evolution is monitored via chronopotentiometry staircase for various current ratings. This 

behavior is correlated with the corresponding in-situ electrochemical mass spectra of the 

cathodic half-cell, Figure 5.5f. As evident, an increase in the current rating results in a 

decline in potential along with a corresponding increase in the rate of D2 evolution. 

Interestingly, the device swiftly returns almost to its original voltage plateau on increasing 

the current rating with a similar trend in the D2 evolution rate, Figure 5.5f. The durability 

of this deuterium-generating device has been examined, revealing that it can consistently 

generate D2 during prolonged electrolysis for nearly 85 hours under a constant current 

density of 10 mA/cm2, Figure 5.6a. The electrical energy output during deuterium 

evolution has been derived, which turned out to be almost 122.4 kJ per mole D2, Figure 

5.6b, Calculation 5.5.  

Calculation 5.5 

Electrical energy output calculation from the constant current test at 10 mA 

The area under the curve in Figure 5.6a 

                                            = 49.6462 V. hour 

  Energy = Area * current 

  = 49.6462 * 0.01 A. V. hour 

              = 49.6462 * 0.01 * 3600 A. V. sec 

Figure 5.6: a) Long-term durability of the deuterium-generating device for nearly 85 
hours at a current rating of 10 mA/cm2. b) Quantification of deuterium evolution and 
electrical energy output for the spontaneous heavy hydrogen generator.  
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              = 1787.26 W. sec 

  = 1787.26 J 

Amount of evolved D2 = 14.6 millimoles 

Electrical energy output = 122.4 kJ/mol. 

Figure 5.7: In-situ electrochemical mass spectra of the cathodic half-cell in the a) 20th 
hour, b) 40th hour, c) 50th hour, d) 65th hour, and e) 85th hour of continuous heavy hydrogen 
generation. (Corresponding to the constant current experiment in Figure 3c) f) The 
proportions of D2, HD, H2 in the cathodic exhaust of the heavy hydrogen generator at 
various stages of the long-term operation. 
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The proportion of heavy hydrogen in the cathodic exhaust during the long-term 

operation was determined by in-situ electrochemical mass spectrometry at various time 

intervals during the long-term heavy hydrogen evolution, Figure 5.7. The D/H ratio 

decreases with time as the amount of D2 decreases with a notable increase in the amount 

of HD (Figure 5.7f and Calculation 5.6). This may be due to the transport of HOD (both 

by diffusive and osmotic flux) formed in the anodic half-cell (equation 5.4) to the cathodic 

half-cell, and its subsequent participation in the cathodic half-cell reaction. This transport 

will increase during the continuous operation of the device as more and more HOD builds 

up in the anolyte (equation 5.4). This may explain the increase in the HD content (or 

decrease in D/H ratio) with respect to time during the long-term heavy hydrogen 

generation (Figure 5.6a and Figure 5.7f). However, a small amount of HD (nearly 6%) was 

detected at the very beginning of the long-term experiments (Figure 5.5a and Figure 

5.5b), which may be due to slight contamination of the electrolyte with moisture present 

in the working atmosphere. The cumulative amount of evolved deuterium turned out to 

be nearly 357 mL. To demonstrate the pragmatic usage of the electrochemical D2 

generator, we have fabricated a laboratory-level spontaneous D2 generator and 

connected it in tandem with a D2 air fuel cell (Figure 5.8). This demonstration validates 

that the spontaneous electrochemical heavy hydrogen generator can effectively serve as 

a D2 reservoir for a D2 air fuel cell, leveraging its capability to generate electricity during 

heavy hydrogen generation. In a nutshell, electricity is harnessed along with heavy 

hydrogen production at the expense of light hydrogen under ambient weather conditions 

by exploiting the D+/OD- dual ion gradient energy.  

Figure 5.8: Photograph demonstrating the spontaneous electrochemical deuterium 
generator directly serving as a D2 reservoir for a D2 air fuel cell.  
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Calculation 5.6 

From Figure 5.7 

At 20th hour, (Figure 5.7a) 

The area under the cell on the portion of the violet trace (D2) = 4.597 * 10−10 

The area under the cell on the portion of the green trace (HD) = 5.0325 * 10−11 

The area under the cell on the portion of the orange trace (H2) = 1.913 * 10−11 

D2= 86.86 % 

HD = 9.51 % 

H2 = 3.63 % 

At 40th hour, (Figure 5.7b) 

The area under the cell on the portion of the violet trace (D2) = 3.648 * 10−10 

The area under the cell on the portion of the green trace (HD) = 5.712 * 10−11 

The area under the cell on the portion of the orange trace (H2) = 1.672 * 10−11 

D2 = 83.33 % 

HD = 12.91 % 

H2 = 3.76 % 

At 50th hour, (Figure 5.7c) 

The area under the cell on the portion of the violet trace (D2) = 3.4835 * 10−10 

The area under the cell on the portion of the green trace (HD) = 6.572 * 10−11 

The area under the cell on the portion of the orange trace (H2) = 2.246 * 10−11 

D2 = 79.80 % 

HD = 15.05 % 

H2 = 5.15 % 
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At 65th hour, (Figure 5.7d) 

The area under the cell on the portion of the violet trace (D2) = 2.769 * 10−10 

The area under the cell on the portion of the green trace (HD) = 7.744 * 10−11 

The area under the cell on the portion of the orange trace (H2) = 1.913 * 10−11 

D2 = 74.15 % 

HD = 20.74 % 

H2 = 5.11 % 

At 85th hour, (Figure 5.7e) 

The area under the cell on the portion of the violet trace (D2) = 2.22 * 10−10 

The area under the cell on the portion of the green trace (HD) = 1.37 * 10−10 

The area under the cell on the portion of the orange trace (H2) = 3.24 * 10−11 

D2 = 56.8 % 

HD = 35 % 

H2 = 8.2 % 

 

5.3 Conclusion   

The generation of heavy hydrogen is demonstrated from light hydrogen under ambient 

weather conditions, accompanied by electrical energy output, by manipulating the 

OD−/D+ dual ion gradient energy. This spontaneous heavy hydrogen generator functions 

in a thermodynamically downhill manner by decoupling the direct OD− and D+ chemistry 

via an ion-conducting membrane. The laboratory-scale prototype of a heavy hydrogen 

generator can deliver a peak power density of nearly 45 mW/cm2 at a current density of 

nearly 115 mA/cm2 while generating almost 357 mL of heavy hydrogen with an overall 

energy output of 122 kJ per mole of D2 during 85 hours of continuous operation. It is to 

be noted that continuous device operation leads to the build-up of protium-containing 

species in the anolyte, which should lead to a decrease in isotope selectivity in the long 
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run. Therefore, to maintain the purity of heavy hydrogen in the long run, the electrolytes 

need to be replenished at regular intervals. Nevertheless, the method adopted here 

presents a unique chemistry for harvesting the energy of the OD−/D+ couple as an 

electrical driving force, even though the OD− and D+ combination is a mere non-redox 

displacement reaction. The energy of this non-redox displacement reaction is harvested 

as an electrical driving force using a protium redox because the difference between the 

anodic and cathodic half-cell reaction in a decoupled OD−/D+ configuration corresponds 

to the non-redox reaction taking place in an electrochemical pathway. 

5.4 Experimental Section  

5.4.1 Materials  

Deuterated sulphuric acid (98 % D2SO4 in D2O solution), sodium deuteroxide (40% NaOD 

in D2O solution), deuterium oxide (D2O), sulphuric acid, sodium hydroxide, oxalic acid, 

and phenolphthalein were procured from Sigma Aldrich. Pt/carbon catalyst (0.5 mg/cm2 

Pt/C) and   Nafion117 membrane were bought from Fuel Cell Store (USA). 

5.4.2 Electrochemical Study (Single Compartment) 

Electrochemical measurements were carried out using a Biologic (VMP-300) 

electrochemical workstation. The three-electrode system studies were performed via 

voltammetry experiments in an electrochemical cell of 15 ml. Polycrystalline platinum 

electrode (0.0176 cm2) was used as the working electrode, and the platinum disk was 

used as the counter electrode. Hg/HgO (1 M KOH) reference electrode was used for the 

experiments in alkaline electrolytes. For acidic electrolytes, the reference electrode was 

Ag/AgCl (Saturated KCl). We have presented all the experimental results with respect to 

SHE.  

The conversion of Hg/HgO to SHE: 

                                                            ESHE = E Hg/HgO + 0.098 V 

The conversion of Ag/AgCl/Cl− to SHE: 

                                                      ESHE = E Ag/AgCl/Cl- + 0.197 V 
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5.4.3 In-situ Electrochemical Mass Spectrometry 

In-situ electrochemical mass spectrometry was executed by an HPR-40 (Hiden 

Analytical) quadruple mass analyzer using a standard QIC inlet. The experiments were 

performed via a ‘T’ shaped connector with three sides: a mass spectrometer, an 

electrochemical cell, and an exhaust to the surroundings, Figure 5.9. Argon (Ar) was the 

carrier gas for the cathodic half-cell experiments. The generated gas flow from the cell 

was channeled to mass the spectrometer inlet via the ‘T’ connector. 

 

5.4.4 Electrochemical Study (Double Compartment) 

A poly-acrylic sheet-made two-compartment device was forged for electrochemical 

heavy hydrogen evolution. Nafion 117 membrane was sandwiched between the two half-

cells. Before using the membrane, the pretreatment of the Nafion 117 membrane was 

carried out with a heavy acidic (D2SO4/D2O) solution at 80⁰C. To eliminate any possible 

intercompartment leakage, two silicone washer gaskets were placed on the two sides of 

the membrane. The volume of the acid and alkali used was 3 mL in both the half-cells. 

The anodic electrocatalysts were Pt/C sheet, and the cathodic electrocatalysts were 

Figure 5.9: Photograph of In situ electrochemical mass spectrometer connected through 
a T-shaped connector with electrochemical deuterium generator 
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electrodeposited Pt on Ti mesh (obtained by applying 5 mA/cm2 for 10 minutes in chloro-

platinic acid solution). All the electrochemical experiments were performed under room 

temperature and pressure. Quantification of evolved gas was carried out by water 

displacement technique. Acid-base titration with a phenolphthalein indicator was utilized 

to estimate the acid and alkali concentrations in the electrolytes. Oxalic acid was used as 

the primary standard acid. Before and after the electrochemical deuterium evolution, the 

catholyte and anolyte were collected for exact ion concentration measurement. 
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Summary of the thesis entitled “An Electrochemical Neutralization Cell 

to Harvest the Water Formation Energy” 

This chapter provides a summary of thesis and future possibilities of this research. In this 

thesis, the energy from the water formation reaction is electrochemically captured and 

utilized as an electromotive force to drive electrochemical processes using an acid-alkali 

decoupled configuration. Although the water formation reaction is thermodynamically 

exciting due to its positive entropy change and technologically relevant, the reaction lacks 

electron transfer because of its non-redox nature. By exploiting the pH-dependent 

hydrogen redox in an acid-alkali architecture, the water formation energy can be 

harvested as the electrical driving force. This energy extraction from the water formation 

reaction can be further enhanced with the introduction of a heat gradient in the water 

formation cell. The water formation energy is further exploited for a spontaneous 

hydrogen fuel purification that directly purifies carbonized and contaminated hydrogen 

streams at room temperature and pressure in a single stage, while simultaneously 

producing electric power. A laboratory-level prototype successfully purified hydrogen 

from a quaternary mixture of contaminants, including hydrocarbons, CO₂, and N₂, 

commonly found in the steam reformer exhaust, with the purified hydrogen directly 

usable in a commercial proton exchange membrane fuel cell (PEMFC). Conventional 

hydrogen production methods often yield hydrogen contaminated with impurities like 

CO and sulfur compounds, which poison fuel cells, while energy-intensive purification 

methods hinder economic sustainability. The energy of water formation can also enable 

energy-efficient, single-stepped hydrogen purification to remove poisonous contaminants 

spontaneously by using poison-resistant electrocatalysts under ambient conditions. In a 

nutshell, this spontaneous hydrogen fuel purifier in a decoupled acid-alkali architecture 

showcases a combination of hydrogen generation and utilization in a single device during 

electricity production with no net loss of hydrogen fuel in the process. In a unique way, 

the heavy hydrogen can be produced under ambient conditions with simultaneous 

electrical energy output by utilizing the energy of the heavy water formation energy in a 

heavy acid-alkali decoupled configuration. This spontaneous heavy hydrogen generator 

operates in a thermodynamically downhill manner by decoupling OD⁻ and D⁺ chemistry 
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via an ion-conducting membrane and produces heavy hydrogen at the cost of light 

hydrogen.  

As shown in this thesis, water formation energy has a huge scope in electrochemical 

energy and conversion devices, however various branches of this promising reaction 

pathway are still untouched. A water formation harvesting device is an example of a 

primary battery without a net redox, and its rechargeability still offers an opportunity for 

a new horizon of secondary batteries. 

 

 

  

Scheme 6.1: Direct harvesting of water formation energy for hydrogen-based 
devices. 
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