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Environmental issues make the quest for better and cleaner energy sources a priority. Worldwide, researchers and
companies are continuously working on this matter, taking one of two approaches: either finding new energy
sources or improving the efficiency of existing ones. Hydrogen is a well-known energy carrier due to its high energy
content, but a somewhat elusive one for being a gas with low molecular weight. The so-called "Hydrogen
Economy" is based on the use of hydrogen as an energy source. This entry examines the current electrolysis

processes for obtaining hydrogen, with an emphasis on alkaline water electrolysis.

alkaline water electrolysis hydrogen electrolyzers overpotential

| 1. Introduction

Nowadays, energy is at the top of everybody’s needs and concerns. Never before has the consumption of energy
been so high, and never before has the impact of the use of that energy been as intense and negative on the
planet as a whole.

Growing energy demand due to population increase poses a serious threat to the global economy, environment,
and consequent climate change . Currently, fossil fuels are the principal resources used to obtain energy.
However, these sources are non-renewable, and they have been exploited on such a large scale for the past 200
years that their reserves are due to run out: in 50 to 60 years for oil and gas, and 150 to 200 years for coal,
according to recent forecasts [2. Furthermore, the pollution resulting from the consumption of fossil fuels is a major
issue that must be taken into consideration. Consequently, renewable energy resources, such as solar energy,
wind, or wave power, have attracted considerable attention as an alternative response to increasing energy
demand, without causing a major environmental impact. Besides cost issues, there are, however, some technical
problems, related to energy fluctuations produced by renewable sources that lead to low energy delivery
efficiencies and thereby limit their large-scale applications. To take advantage of all the energy produced from
these sources, it is crucial to find a solution to storing the energy produced in excess when there is a peak of

production, and to make it available to be consumed at a time when consumption exceeds production [,

Hydrogen is seen as a key component to overcome this issue due to its high energy yield, high gravimetric energy
density, relatively high abundance on earth, and zero emissions during consumption. Being an energy carrier, it is
as clean as the method employed in its production, so producing hydrogen by splitting water using electricity
generated from renewable sources has many advantages. Its use not only benefits from the abundance of water

resources but also the zero pollutant emissions generated. In addition, the hydrogen obtained has a high level of
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purity of 99.99% [“IB. However, only 4% of the total hydrogen currently produced comes from the electrolysis of
water. Most hydrogen produced comes from fossil fuels, specifically from the steam reforming of natural gas (48%)
followed by oil and coal gasification (30% and 18%, respectively) €. This is because the hydrogen produced from
the electrolysis of water must compete with the relatively low prices of the hydrogen produced from fossil fuel-
based techniques. Nevertheless, hydrogen is seen as a promising approach to compete with fossil fuels and to end
the planet’'s energy dependency on them, so that it has become an item on the political agenda. For instance, the
European Commission launched its Clean Hydrogen Alliance in July 2020 to seek the commitment of European
Union countries to large-scale hydrogen production. The aim is for this production to be attained via electrolysis
but, given that this process is still very expensive, production from natural gas is also allowed. Thus, large efforts

are being put towards increasing the efficiency of electrolysis.

| 2. Water Electrolysis

In the electrolysis of water, a direct current (DC) is applied and electrons flow from the negative terminal of the DC
source to the cathode. There, the electrons are consumed by hydrogen ions existing in the water, and hydrogen
gas is formed. To keep the charge balance in the cell, the hydroxide ions resulting from the cathodic reaction move
towards the anode surface, where they lose electrons (that return to the positive terminal of the DC source) and

oxygen is formed [, The overall reaction of water electrolysis is represented by Equation (1).
2H>0 + energy — 2H3 (g) + O3 (g) (1)
The main water electrolysis technologies available are alkaline water electrolysis (AWE), proton exchange

membrane (PEM) electrolysis, and the solid oxide electrolyzer cell (SOEC) B9 A scheme of these different

technologies is presented in Figure 1.
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Figure 1. Schematic representation of (a) an AWE cell, (b) a PEM electrolysis cell, and (¢) a SOEC. Reprinted

from & with permission from Elsevier.

AWE is the oldest and most well-established technique. The cell consists of an anode and a cathode immersed in

an alkaline solution, separated by a diaphragm. The hydrogen evolution reaction (HER) at the cathode and the
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oxygen evolution reaction (OER) at the anode are represented by Equations (2) and (3), respectively &l

2H20 + 2~ — Hp + 20H" (2)
40H™ — 0p + 2H0 + 4™ (3)

PEM electrolysis is a less mature technique than AWE. PEM electrolysis cells are similar to AWE cells, but instead
of an alkaline aqueous electrolyte, they have a solid polymer electrolyte membrane with an acidic nature. The
membrane, along with the electrodes, forms what is called the membrane electrode assembly (MEA). In this case,
the two characteristic half-reactions for HER and OER are given by Equations (4) and (5), respectively 1911

ZH* +2e” — H2 (4)
2Hp0 — Op + 4H* + de~ (5)

As an alternative to PEM electrolysis, recent studies focused on the use of anion-exchange membranes (AEMs) for
the development of a new technology known as AEM water electrolysis. These devices have a structure similar to
PEM electrolyzers, but the membrane is selective to the transport of anions, OH™, instead of protons, H*. AEM
water electrolyzers can either be fed by pure water, concentrated KOH solution, or diluted K,CO3 solution. The

electrode reactions are the same as those shown for AWE (Equations (2) and (3)) 12,

SOEC is the least developed electrolysis technology, and it is not yet available for commercialization. What
distinguishes this technique from the other two, is that it is performed at much higher temperatures, as can be seen
in Table 1, where the main features of the three processes are compared. A SOEC performs the electrolysis of
water vapor at high temperatures, resulting in higher efficiencies compared to the other techniques. The reactions

occurring at the cathode and the anode are given by Equations (6) and (7), respectively L913],

Hp0 + 2e~ — Hy + 02~ (6)
204 D7+ 4e” )

Table 1. Main specifications of the different electrolysis technologies. Adapted from Bl with permission from

Elsevier.
Specifications AWE PEM SOEC
Operating temperature (°C) 60-80 50-84 650-1000
Operating pressure (MPa) <3 <3 <3
Current density (A cm™2) 0.2-0.5 0.6-2.2 0.3-2.0
Cell voltage (V) 1.8-2.4 1.8-2.2 0.7-1.5
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Specifications AWE PEM SOEC
Voltage efficiency (%) 62-82 67-82 81-86
Production rate (m342 h™) <760 <40 <40
Specific system energy consumption (kWh Nm™3) 4.3-4.8 4.4-5 2.5-35
Hydrogen purity (%) 99.7-99.9 99.999 99.9
Cell area (m?) 3-3.6 <0.13 <0.06
Minimum partial load (%) 10-40 0-10
Stack lifetime (kh) 55-120 60-100 8-20
System lifetime (years) 20-30 10-20
System response s ms s
Cold-start time (min) <60 <15 <60
Capital cost * (€ kw™1) 620-1170 1090-1650 >1560

Ihe decomposition of water Into hydrogen and oxygen IS not thermodynamically favorable. 10 accomplish it, a
potential difference between the anode and cathode must be applied, called the equilibrium or reversible cell
PBifiAtighfBgegieinder standard conditions (ambient temperature of 25 °C and atmospheric pressure) the AHcey is
286 kJ mol™t of H, and the AGce is 238 kJ mol™ of Hy. The difference between the two values arises because the
alearobEiv lerdsrtiyeishangeSORThedimibtidb e gasealifdrbass R H e nrad argtizageaasas mibatmeen i
e mystesill Detn§ tevsaibed it thessorapeitionsdssolt2dilMdt B&taeibiudbthiisoellivallagms theremaigiussiting
EFRCITRVE esHatieyris. have already reached the commercialization stage. AWE electrolyzers, being around the
longest, are sold in greater numbers despite some superior characteristics offered by PEM. As can be seen in
YUBRD the-BYIe A SHPbalp IBGi G ORI B At Ml PR SRBNCLRSARHaYGH &Y ARRasP iR StiBEahERRRE
SRR LB TR RGN ASIOLRAME, HAD AGHRP AR YRT U CBMRE M ER NI BEESTERMAR SR
Riahesr Rote i GULerRacE: JidtolPnRIGEHR! (Emestyr FRGUIRY IRWBANRELAN SRFUARGSHIRR Bagtiom vyt
AR TR P RIE, BN AR ISR KRR s d5 SRS D& NG AARHIR| YRfRG sthen BIUCEySeft]
ffafidy mendfiango A8, idagd e MBRHENs FRSEE BotCaiNERpRHRN WY SRH MaLagRoreauasidy
ARRAC S aLer Bk e S B RTERY SigHan SREHESRARGSIIR (e afialsRMumNGLage JRfiliRede B oMRImBRIe
O8RS A AGHABRUSLEANALOBS ! fogHA AR LART UBRRINABIF D PRWESHIRE SIBIRLIENGIMA AnSARTEd fRAnsdtrd
Al podgad By thieicall 0% Faulib Al beHAMER SHAMISER CaARdAER! I IPMRER T REfR tiult
RFRFHER AUMALCL RIEFU RN R RSP ELAS ARRYEINE Fietals 58 electrocatalysts for the reactions to occur, which

increases the investment 28],
When operating at non-standard conditions, the cell potential must be calculated from the Nernst equation,

BIHRIRR (G105 the MR PISGIRAE 1687 Winpared both technologies. Schalenbach et al. L2 compared an AWE

e|ectro|yzer usinn Nlichacad ratalvete and a thinnar canaratnr with a DFEM alactrah/zar nicina irjdium (|r) and

or thinner than

latinum (Pt)-b.
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2
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Rblgenhauertbe alctiAtipesttiiedeactmparisqor benwseanshiReisrtikfienemrsad dels cenvstapedB$ different companies
and analyzed AWE and PEM technologies regarding the economic aspects of scale, production capacity, and all
A6 fEpetn o tHROTHICRICEBATBY 199 EHEIPESRCHIHE thatealimlyRjThaers @kaeeiljorad ateqliFrRldeasIRt RRRARB.
pvesaaefiefitienslesralyain, Profees i aesst tbhikese hdiyeesscenitibpis, 10 thet watdratbrehiyRERGHIAE AR
alesiaeiEh (FaEIeaBoaad FPBRli R Hi QY eRROtBRIRKHWBIRY IsfARENSA RMEIRitHTee e LR RLE  HINearalay!
@il cpoedibiatds hathec sQuEtS B R PetapHRbE Frarand dNRVREIUgS tathParantiah dral, imARGBSIAEY cOsHEHRIER
ERAGHIORs. The lofer costs K¥ociated ARBIBAS technoli§: compensass for the SRfHRLIBBter efficiEMy of PENEIZY.

n = Eeel — Ef ()

Ohmic Loss(electrode)

Ohmic Lossielectrolyte)
I a“ b E"
‘}ls =l
0.0 =T, ® 0., ° I @ L = .
0 1000 2000 3000 40000 SOMMD

Current density (A ni')

Figure 2. Composition of the typical cell voltage of an AWE cell. Reprinted from & with permission from Elsevier.

Overpotential can be divided into three major categories: ohmic overpotential, n,, activation overpotential, n,, and
concentration overpotential, n.. Therefore, the total overpotential of the electrochemical cell is the sum of these

three contributions, Equation (10) 211,

N="nNg+*Ng+nc (10}

3.1. Ohmic Overpotential
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Ohmic overpotential is related to the ohmic internal resistance, R, of the cell, which combines the resistances of the
electrode, the electrolyte solution, the diaphragm, the connection wires, and those induced by hydrogen and
oxygen bubbles. This means that the overpotential arises from the ionic resistance of the solution (related to its
conductivity) and from the electronic resistances to and from the cell or stack components. Ohmic overpotential, as
its name suggests, follows Ohm'’s law (n, = iR, where i is the applied current). This relation indicates that the ohmic

drop varies linearly with the applied current 21122,

3.2. Activation Overpotential

The activation overpotential is the difference above the equilibrium potential required to overcome the activation
energy of the cell reaction to produce a specified current. This overpotential is related to the electron transfer that
occurs at the electrode interface. One of the main causes is the accumulation of charge at the electrode surface,

producing an energy barrier for the incoming electrons 211231,

In the absence of mass transfer limitations and at high activation overpotentials, the relationship between the rate

of reaction, i.e., the current density, j, and the activation overpotential is given by the Tafel equation, Equation (11),

Inl =2+ blog i (1)

being a the intercept, Equation (12), and b the so-called Tafel slope, Equation (13),

a=-blogip (12)
2.3RT
b=— (13)
aF

where a is the anodic or cathodic transfer coefficient that represents the fraction of overpotential that lowers the
kinetic barrier for the reaction at the electrode/electrolyte interface and j0 is the exchange current density, which is
defined as the rate at which the reactants are transformed into products at equilibrium and the products are

regenerated as reactants, free of any limitation due to mass transfer [&l,

3.3. Concentration Overpotential

Concentration overpotential is caused by the concentration gradient of the reactants or the products in the
electrolyte on the electrode surface, due to mass transport limitations as the reactions proceed. It occurs when
mass transport cannot accompany the rate of the cell reaction. When the mass transport is relatively low, the
reactant molecules cannot reach the reaction sites and/or the product molecules cannot drift from the reaction
sites, resulting in a reduction of the reactants or accumulation of the products at the electrode surface. The mass
transfer step can follow three different mechanisms: diffusion (movement of species conducted by a concentration
gradient, from high to low concentration), migration (movement of charged species imposed by an electric field),

and convection (movement of species driven by an unstable behavior of forces upon the electrolyte) [22[23],
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