N

N

An analysis of PEM water electrolysis cells operating at
elevated current densities
A. Villagra, P. Millet

» To cite this version:

A. Villagra, P. Millet. An analysis of PEM water electrolysis cells operating at elevated current densities.
International Journal of Hydrogen Energy, 2019, 44, pp.9708 - 9717. <10.1016/j.ijhydene.2018.11.179). <hal-

03486996)
HAL Id: hal-03486996
https://hal.science/hal-03486996v1
Submitted on 20 Dec 2021
HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-03486996v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0360319918338400
Manuscript_8e¢a8d846771373f14a0a4e8e75d7544a

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

An Analysis of PEM Water Electrolysis Cells Operating at Elevated Current

Densities

A.Villagra, P. Millet”
Paris-Sud University, ICMMO, Béat. 410, 15 rue G. Clémenceau, 91405 Orsay, France

" corresponding author : pierre.millet@u-psud.fr

ABSTRACT

Recent developments related to the operation of PEM water electrolysis at elevated current density are
reported. First, a cost analysis has been performed to discuss the interest of extending the range of
operating current density of these cells, towards the 10 Aramge and above. Then the technical
impact this may have on the cell design has been analyzed, and the practical conditions required to
remove the extra-heat and to facilitate fluid transport across the porous transport layers have been
identified. Experimental current-voltage polarization curves have been measured using a pressurized
laboratory cells equipped with PFSA (perfluoro-sulfonic acid) membranes of various thicknesses,
operating at 80°C and current densities up to 10 A.ciinese experimental polarization curves

have been fitted using model equations. Key cell parameters such as internal cell resistance, charge
transfer exchange current densities and roughness factors have been determined from these fits. The
impact of the cell design on the performance and efficiency of PEM water electrolysis cells
operated in the multi A.cthrange of current density has been analyzed, with a focus on the

situation that prevails above 5 A.ém
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1. Introduction

A review of the scientific literature on energy tees over the past decades clearly shows that,
due to severe environmental constraints, mosiofifail) the energy required for humankind actiatie
should be provided in the (near) future by incidam light radiations instead of the air-combustion
of fossil hydrocarbons or nuclear reactions [1]2]ere is a general agreement among the scientific
community that this would avoid the deleterious atip of greenhouse gas emissions on the
environment, but would also bring some additionahddits such as the promotion of the energy
independency of nations, a reduction of the cortipetior accessing oil resources, and could also
contribute to solve the problems associated wittrdatment and long-term storage of nuclear wastes
[3]. Such concerns have reached the spheres afypwmlakers [4] and despite the fact that the so-
calledenergy transitionis still in its childhood years [5], the concejistreceived the commitment of
most industrialized and developing nations and Ishon principle, be on its way. The situation is
also attracting new generations of young scientstgards scientific carriers which is an additional
good news. The equation that needs to be solvamiglement such energy transition on the large
scale and turn sun light into renewable electrigtyo find an easy and cost affordable manner to
transport it over long-distances via power gridasefructures and to store it. In other words, the
energy transitionwill rely on the development of technical solusofor energy storage at different
time and size scales. From a practical viewpoimeyd is a need to develop an efficient energy
infrastructure, adapted to the space and timenniiient nature of earth-incident sun light radiatip
and meeting consumers’ needs. For technical ant reasons, electrochemical (batteries) and
gravitational storagee(g. via pumped hydro-resources) cannot satisfy thesss) A universal
chemical energy carrier that could be used foragi@r transportation and distribution of renewable
energy, but also for re-electrification by electremical or chemical combustion in air, and that@ou
be used as a fuel in the domestic, energy andpmansectors, is required. Gaseous hydrogen of

electrolytic grade has been considered for mangdksas such a game-changing energy carrier. This
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is a by-product of brine electrolysis but it cascabe obtained in an efficient and cost affordaiag

by water electrolysis [6] while the Earth’s atmosghcan be used as an oxygen reservoir of infinite
capacity (nitrogen dilution is the main drawbacktlois environment-friendly cycle). Commercial
water electrolysers (mostly alkaline technology found in quite various fields of the industry but
up to now, the technique has been mainly used tltiosary production in view of chemical
applications. Regarding energy applications (reidsvanergy production is already a large market,
fuel cell mobility is a growing market but largeate energy storage still remains a long-term
concept), existing plants of limited size are aa# only at the demonstration scale [7]. Significa
R&D efforts and investments will be necessary kefrch dydrogen economiB] becomes reality.
The main problem of thenergy transitionis not the concept itself but the time it will &afor a large
scale implementation. Future water electrolysetshave to be customized to allow non-stationary
modes of operation. PEM water electrolysers arencervially available at the multi-MW scale and
have already demonstrated their ability to opewatder transient power loads [9]. This is why efort
are currently made to develop hundred-MW scaleegyst

In this paper, the discussion is restricted to Riter electrolysis technology. The nominal opetatin
current density (j) is the key parameter that testdhe cost of electrolytic hydrogen and the desig
and efficiency of the water electrolysis cells. REM fuel cells (a sister technology used for the
electrochemical combustion of hydrogen in oxyged #me production of electric power), mass
transport limitations tend to set the maximum ofyegacurrent density value in the 1-2 A émange.
Such limitations are not found in PEM water eldgsis cells. Most commercial PEM water
electrolysis systems available today on the masetate in the 1-3 A.cfrange, but there is a trend
to extend this range up to much higher valuesediod.0 A.cnf for the oldest reports [10-12], and up
to 20 A.cn¥ in the most recent ones. This can be achievedsimguhin (30-50 micrometer thick)
membranes [13,14]. The purpose of this researckBrgapo report on recent developments in this

field and to discuss the impact that such unusuatin operating current densities could have on
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future system developments. First, a cost analisiprovided to demonstrate the interest of
extending the range of operating current densihenl heat management issues resulting from
internal dissipation are analyzed. Mass balancatems are used to determine the optimum water
flow required to facilitate heat removal and mamtahe temperature increase within limits
compatible with membrane stability. The impact loé toperating pressure is also analyzed. The
volumetric gas and liquid fractions are calculateith a special focus on the anodic side where
counter flows of gaseous oxygen and liquid watercanculating through the pores of these structures
Some experimental limitations such as screeningctsff observed at the interface between the
porous current collector and the membrane-electrasieembly are reported to highlight the
problem.

These results have been used to design a cellleapfadperation in such conditions and to determine
the most appropriate operating parameters for Gperat elevated current density. Experimental
results measured on laboratory cells operating GC8and moderate pressure are reported.
Experimental current-voltage polarization curve¥ (urves) have been measured up to 10 A.cm
using PFSA membranes of various thicknesses. Teegerimental 1-V curves have been fitted
using model equations and key cell parameters sscinternal cell resistance, charge transfer
exchange current densities and roughness facteeslieen obtained from these fits. The impact of
such cell characteristics on the performance afdiesfcy when the PEM cell is operated in the
multi A.cm? range of current density is discussed, with a $oon the situation that prevails over

the 5-10 A.crif range. Some perspectives and recommendationssarpravided.

2. Optimum operating current density of PEM water electrolysiscells
2.1. The state-of-art and its limitations
The cross-section of a conventional PEM watertedgis cell is pictured in Figure 1 [15].

The main interests of such “zero-gap” cell is itsali thickness (5-7 mm thick on average), its
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compactness (that makes dissipation less pronoutiwed in conventional gap-cells and favor
operation at current densities of 1-3 A®®mand its lifetime (15,000 to 20,000 hours of @ien

are common good practice). Such characteristiciagxwhy the technology has been used so far
for oxygen generation in places (underwater andejpahere compactness prevails over cost and
efficiency. The unit cell is delimited by two titamm end-plates (5,5’). The central membrane-
electrode assembly (or MEA) (1,2,2’) is the hedrthe cell. This is the place where liquid water
molecules transferred from the anodic chamberg@)split into gaseous oxygen (2’) and hydrogen
(2). The interpolar distance between anode anddatfs filled by a thin (50-20@m thick) proton-
conducting perfluorosulfonic acid (PFSA) polymer mimane. The two catalytic layers (20 2’)
contain a mixture of catalyst particles (in elezdticontact) embedded in a PFSA matrix. This is a
concept of so-called “3-D electrode” used by elsdtemical engineers to increase the overall
roughness of catalyst/electrolyte interfaces ireotd reduce overvoltages by increasing the value
of apparent exchange current densities. Platinutimeisnost efficient and most stable metal for the
hydrogen evolution reaction (HER) in acidic aqueausedia. Following trends in fuel cell
technology, carbon supported platinum nanopartiatesnow used at the cathode (2) of PEM water
electrolysis cells instead of unsupported platimarticles, in order to reduce platinum loadings and
make the technology cost affordable. Despite atdichbulk electronic conductivity, unsupported
iridium dioxide particles are used at the anodg t@promote the oxygen evolution reaction (OER).
Liquid water is pumped across the cells (sometithesigh the anode chamber only and sometimes
through both anode and cathode chambers) to femdetfiction and for cell cooling purposes.
Various cell design are used to provide the necgsgads to pump water flow across the cells and
let current flowing from left to right: this can lzegrooved bipolar plate or a cell spacer such as a
titanium grid (Figure 1, 4-4’). Porous current ealiors (3,3’) are placed between the MEA and the

two cell spacers in order to enable water gas feasisThe critical step is found on the anodic side
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where a flow of liquid water from the anodic champg) to the reaction sites (2’) meets a counter
flow of gaseous oxygen from the anodic catalysetg®) to the anodic chamber (4°).

During electrolysis (j# 0), Fermi levels of both anode and cathode anassefjl by using an
external DC power supply and electrical currenivBoacross the cell. The transfer of charge
carriers (electrons) across the two interfaces dedutwo redox semi-reactions that evolve
molecular hydrogen (cathode) and oxygen (anode)lowimg the laws of non-equilibrium
thermodynamics, a fraction of the electrical energyt is irreversibly transformed into heat by
internal dissipation. In the scientific literaturthe energy efficiencyc of the PEM water
electrolysis cell is usually defined as the efimig of the water dissociation reaction at constant
temperature (T) and pressure (P). The energy mdjuo bring tap water to such T,P operating
conditions and the energy required by any subsdqyes treatment operation are not taken into
account. Different definitions of.e are found in the literature. The situation hasnbescently
analyzed by the European Commission in an efforprimvide harmonized guidelines [16]. A
frequent definition ofece is given by EqQ. (1). This is the dimensionlessoralf the theoretical
amount of energyV; (J/moly;) required at T,P to split one mole of water to pinactical amount of
energyW, (J/moly2) used in the process. Since liquid water is $plé PEM water electrolysis cell,
the reference energy consumption is that of liguader (absolute value of the HHV of hydrogen

combustion in oxygen).

energy requirement of the cell (reversible conditions) W, (J. mol™1)

(D

Foen = energy provided to the cell (irreversible conditions) W, (J.mol™1)

The numerator of Eq. (1) is sometimes defined anttessary electrical work only. The necessary
heat flow AQ.ey = TAS in J.mof) required for the entropy change (which is tramsf from the

thermostat to the cell) is not taken into accoumt bence:
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Wi = AGrey = N F- Yoy (electrical work) (2

However, many authors take into account the heat fequired for the entropy change, and hence:

Wi = AGrey + AQrey = AHrey & Wi = n- F- Uy (electricalwork) + n-F- (h-Uye,) (reversible Q

W = n-F- U, (J/mole) fotal energy 3

At the denominator of Eg. (1), there is a genegat@ament among authors that M/the total (real)
electrical energy consumption. This is the necgsskarctrical work required for the cell/stack plus
the extra amount of electrical work which is dissgd internally into heat due to irreversible
microscopic processes such as electron chargddratsnterfaces and ionic transport:
W, = AGrey + NHYjoss 4
W, = n-F- Uy (reversible electrical work} n-F- (Ue-Urey) (irreversible Q)

W; = n-F- (We1) (J/mole) {otal energy = total electrical wopk 5)

As a result, the most widely used definition of theter electrolysis cell efficiency is:

Utn (Tr P)

gcen(T,P) = Uon (T.P)
ce )

(6)

There are concerns in the literature that Eq. ¢allcc be inappropriate [16]. Care should be taken
whenever using that equation, because it is vallg for U.ey(T,P) > Un(T,P). This does not mean
that an efficiency larger than 100% is obtained nvhia(T,P) < Un(T,P) < Ux(T,P). Since the

OER overvoltage is large in PEM water electrolysetls, U (T,P) = Un(T,P) is usually reached
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within a few tens of mA.cf This is probably why the definition is commonisedl despite its lack

of accuracy.

2.2. cell voltage versus current density relatiapsh
The cell voltagd/...;; (T, P, j) of a PEM water electrolysis cell operating at {y ¢dnditions where
T is the temperature (K), P the pressure (Pa) #@inel gurrent density (A.cf) is basically the sum of
four main cell contributions [17]: (i) the thermatmic voltage (the necessary reversible heat is
provided by the thermostat), (ii) the total ohmropl inside the cell (including electronic and ionic
conduction); (iii) the HER charge transfer overagk at the cathode; (iv), the OER charge transfer

overvoltage at the anode:

AG(T,P)
Ucell(Tr P) =

n
) Y 1+ [y (7P| + 16, (T, P) ™)

i=1

Where :
« AG(T,P) (in 3.molY) is the Gibbs free energy change associated tevaler splitting reaction
under (T,P) conditions.
e F (96485.33 C.mol™ 1) is the Faraday constant.
« i (in Q.cn?) is the surface resistance of thesell component (cf. Figure 1).
* 1y, (T, P) (in V) is the absolute value of the HER overvaitag

*  10,(T,P)(inV) is the OER overvoltage.



10

11

12

13

14

15

16

17

18

19

20

21

More explicitly, the OER and HER overvoltages aatcalated using the generalized Butler-Volmer
equation for multi-step processes [18]. Both arecfion of the operating current density, the

exchange current densitygf each half cell reaction, and the roughnes®faifteach interface:

alF al F
j*=jo [eWUOZ(T'P) —~ e‘W”OZ(T'P)l (8 —a)

acF a’F
jé =g rf [eﬁ”“z(m - e‘W"Hz(”’)l (8 —b)

Where :

j® andj¢ (both in A.cn¥) are the current density at the anode and cathode.
« j& andj$ (both in A.cn¥) are the exchange current density at the anodeathdde.

+ 1/ andry (adim) are the roughness factors at the anodéhanchthode.

« a® anda? are the direct and reverse transfer coefficiehte@manode.

« af andaf® are the direct and reverse transfer coefficiehtecathode.

« R (8.314 J.mot.K™) is the ideal gas constant.

In a first approximation, it can be considered thasfer coefficients are constané(that the rate-

determining step of each reaction sequence doeshaoge with the overvoltage).

2.2. Cost requirements

A cost analysis has been performed to identify i@st appropriate operating current
density for a PEM water electrolysis cell. Both tcasd technical aspects have been taken into
consideration. There are two major cost contrimstito the hydrogen cost (expressed in &Kyp

by water electrolysis: (i) the capital expenditl)@APEX) that takes into account the total
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investment cost (the electrolysis stack but alsaradillary equipment, including water purification
AC/DC conversion and gas treatment units) andifenhe of this investment; (ii) the operational
expenditure (OPEX) that takes into account theg@neost and maintenance costs. The optimum
current density (j) is the j value that minimizks hiydrogen production cost in €.kd.

The CAPEX contribution to the total hydrogen cdet€.kgy,?) is a function of the initial
investment cost IC (i€, i.e.the specific power cost in €/kW times the powethaf production unit
in kW for a hydrogen production at nomin&l"] current density), the lifetime T (in seconds) loé t
electrolysis plant, and the operating current dgrjgin A.cmi®), which all dictate the total amount
of hydrogen that the production unit can deliveerows lifetime. Assuming that lifetime of
operation is not affected by the operating curdarisity, a straightforward mass balance equation
yields the expression of the CAPEX contributiontie hydrogen cost (in €.kg"). Since the
investment cost is given for a production unit @peg at nominal current density, the CAPEX is
inversely proportional to j because over the lifeti T(s) of operation, less hydrogen will be

produced if j <7°"and more hydrogen will be produced if |""}

2F(C.mol™).IC (€) ) 1 9)

CAPEX (€/kgy,) = <T(s).S(cm2).MH2 (ko moi™)) 7 e
According to the roadmap of the European Commisgitorizon 2020 program) reported in the
multi-annual work program set out for years 2012@2019], the investment cost for a PEM water
electrolyser which was close t08 M€.t;,.day’ in 2014 (this is equivalent to 4,000 €.kW)
should be reduced by a factor of 5 by 2023, down 16 M€.1,>.day” (this is equivalent te: 750
€.kW?), in order to open the road (from 2023 onwards)atge scale deployment. In 2018, the
investment cost was already closext8 M M€.41,>.day" (this is equivalent te: 1,500 €.kW"): a

further reduction by a factor two is still needed.

10
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The OPEX contribution to the hydrogen cost in £XKgis a measure of the hydrogen
production cost. This is mainly the sum of energyg aenaintenance costs (in a first approximation,
water consumption and the energy required for wateification can be neglected when tap water
that meets European quality standards is availaisée). The OPEX is obviously a function of the
operating current density j (and the cell voltagge the |-V curve) and a function of the electricity
cost EC (in €kWH). Assuming that the energy consumption of angillaguipment can be
neglected compared to the electricity consumptibrthe electrolysis stack (90-95%), a mass

balance equation yields the expression of the OB@&Xribution to the hydrogen in €.kg":

Ucell(V)' F(C mOl_l)

OPEX (€.kg;) =
(€-kgi;) 3600(/. kg. kWh-1. mol-1)

.EC (€. kWh™Y) (10)

In Eq. (10), the OPEX is a function of the opemtaurrent density j via (V) which is
related to j by Eq. (7). Over a lifetime of T sedsnthe total hydrogen cost (in €kd) is
calculated by summing the CAPEX (investment, exdgcivil engineering cost) and the OPEX
(energy and maintenance costs) contributions. £#&@xample is provided in Figure 2. Figure 2-a
shows the reference I-V curve and the nominal djveyaurrent density of 2 A.chused in the
calculation. Figure 2-b shows the CAPEX and OPEXt contributions to the total hydrogen cost
as a function of j. Calculations were made using.HE8) and (10), assuming an investment cost of
IC = €1,500/kW, an electricity cost of €150/MWh,daa lifetime T of 20,000 h. There is a clear
exponential decrease of the CAPEX with operatingetu density. This is obviously because the
size (and hence the cost) of the production urpedds strongly on current density. At low j values,
the electrolyser will produce a limited amount @fsgs during its lifetime, while at high current
density significantly more will be produced. Regagithe OPEX dependence on current density, it

arises from the current—voltage characteristicEigtire 2-a. The cost increases logarithmically at

11
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low current density and then linearly at higherrent densities because of internal power
dissipation in the cells. The lower the operatingrent density, the lower the OPEX: 100%
efficiency can be reached in reversible conditiaméy, when the cell voltage is close to the
thermodynamic voltage, as shown by Eq. (9). Theegfd can be concluded that CAPEX and
OPEX have opposite trends with j. A reduction of tBAPEX requires an increase in operating
current density while, simultaneously, a reductainthe OPEX requires a decrease in operating
current density. As a result of these two oppasaads, there is an optimal current density value
which, of course, depends mainly on the cost of ldVélectricity. On Figure 2-b, the optimum was
found to be at 2.5 A.cni’. The higher the cost of electricity, the narrowed the lower are the
range of current density of interest, and vice ae@onversely, when the electricity cost decreases
(a current trend resulting from the deployment adteaffordable PV panels), the optimum current
density value that minimizes the hydrogen costsendncrease towards the 10 A:€mange. Up to
the MW-scale, the CAPEX contribution to the totgdiogen cost tends to decrease. Projections
show that for electrolysers larger than 1 MW, thiePEX contribution falls down tec 20% of the
total hydrogen cost [20]. For such systems, theggneonsumption is the key parameter that drives
the hydrogen cost. Significant R&D efforts will bequired in the future in material and polymer
science to develop enhanced electrocatalysts meedra useful criterion that can be used to
compare laboratory practices and commercial tedymes is the operating current density across
the cell at a maximum cell voltage of 2 volt (thiweshold value is dictated by the ability of
unprotected titanium-based cell components to trésisxidation): 2-3 A.cif at 2 Volt is common
good practice but it can be expected that in tlee hdure, the operating current density of interes
will be shifted to higher values, closer to 10 AznBased on these different considerations, it can
be concluded that there is an economical inter@sioperating PEM water electrolysis cells at
elevated current densities but the design of tlie bas to be adapted to maintain a good efficiency

Main design constraints are analyzed in the foll@rgub-sections.

12
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2.3. Heat management requirements

During electrolysis (j 0), electrical energy is irreversibly dissipatatbiheat. Dissipation
takes place mainly in the membrane (as a resydtaibn transport) and in the catalytic layers (as a
result of charge transfer processes across batfaoces). The resulting heat must be extracted from
the cell in order (i) to maintain the maximum celimperature value below a threshold value of
approximately 80-90°C, a value usually dictatedhmsy thermal stability of PFSA materials used as
polymer electrolyte in the cell; (i) to avoid tHermation of thermal gradients that can cause
differential PFSA swelling, mechanical stress arafgrmance degradation, especially in the
catalyst layers. During electrolysis, liquid water pumped through the cell/stack to feed the
reaction at the anode, but most importantly, teaettthe heat produced by internal dissipations and
to monitor the cell temperature. For sake of sifigaliion, let us consider a case when liquid water
is pumped through the anode compartment only arehvalii the heat is extracted from the anodic
water circuit. This is a reasonable assumptiontfar main reasons: (i) the OER overvoltage is
much larger than the HER overvoltage; (ii) the gteosmotic water drag that comes across the
membrane from anode to cathode and cools downrhethbrane and cathode is usually recycled

to the anode circuit. Let us introduce thg, factor of Eq. (11) to relate the operating celltage

Ucen to the maximum watekT. This is a factor used to characterize the wigder pumped through
the PEM water electrolysis cell. This is the dimenkess ratio of the total water flow pumped

through the cell/stack to the water flow electregzat the anode of the cell:

y — Ucell_Utn 11
1o =y P AT AT( ) (11)

where :

13
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* Au,o is the dimensionless and time independent ratth@factual water flow in circulation
to the flow of water which is electrolyzed at therent density j of operation.

« F =96485.33 C.mdlis the Faraday constant.

e My,=18 g.motf" is the molar weight of water.

« Cfo=4.18J.g20".K™ is the heat capacity of liquid water at constaesgure.

* AT in Kelvin is the water temperature difference bestw cell outlet and inlet.
« U in volt if the cell voltage of operation.

« U™in volt is the thermoneutral cell voltage at thE Tonditions of operation.

Figure 3 shows a plot ofy,, versus the cell/stacKT for different operating cell/stack voltages.
Small AT values require very large water flows (and hehgg >> 1) and vice versa. Water needs
for cooling purposes increase with an increasingraging cell voltage. It should be noted here that,
since the operating cell voltage tends to incred@tetime, the heat extraction requirements are not
the same at the beginning of life (BoL) and endifef(EoL) of the cell/stack. Optimaly,, values
should therefore be calculated for EoL cell vol®agé the pump used in the process operates at
constant water flow.

In the temperature range of operation of PEM watectrolysis cell/stack (50-80°C), the thermal
conductivity of oxygen is approximately 25 timesdehan the thermal conductivity of liquid water.
Large gas volumetric fractions and gas screenifegisfin compartments 4 and 4’ (Figure 1) can
potentially hamper heat extraction from the celkt It is therefore useful to calculate the mean
liquid and gas volumetric fractions inside the fsttick as a function of operating temperature and
pressure to adjust the operating pressure to tegbpg current density. The volumetric water flow
rate pumped through the PEM cell/stack at Tq}o andAT operating conditions of interest is

given by:

14
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My,o ) SE . J Skt (Ul —utn)

2 F pu,o 120 ngo Pu,0 AT

Uy,o (M3.s71) = (12)

In Eq. (12),552¢ = N SEe(cm?) is the total electrochemical surface area ifi:¢his is the product

of the cell number N by the individual surface argg,, (m®.s™1) is calculated usingfy,, =

18x1073 kg.mol™", Cfj , = 4.187x10%].kg™".K™" andpy,o = 10°kg.m™>.

The volumetric oxygen flow rate at the same T¥jo andAT conditions of interest is given by:

j(A.cm™2) Sg‘ét(cmz) R (8.314 MKSA) T (K)
4 F P (bar)x105

Vo, (M?.s71) = (13)

Combination of Egs. (12) and (13) yields the voltnoefractions of liquid water and gaseous

oxygen:

Vy,o(m3.s71)

(%) = %) = 14
xllq(/o) xHZO(/O) _l-}HZO(mg.S_l) + 1-702 (m3.h‘1) ( )
xHZO(%)
(Ucell _ Utn)
Ch , (4.187x103 ].kg~".K~1)py,o (10% kg. m~3)AT
B (Ucell — ytn) R (8.314 MKSA) T (K) (15)

Ch,o (4.187x103 J.kg=1. K~1)pp, 5 (103 kg. m=3)AT *T4FPp (bar)x103
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vp,(m3.h™1)

0, =1-— (9 = 9 =
xgaz(/o) xllq(/o) xOZ(/O) 1'7H20(m3.s_1) + 7}02 (m3.h™1)

(16)

Figure 4 shows a plot of liquid water and gaseaxggen volumetric fractions versus operating
cell/stack pressure for different c@T. For low AT values AT < 5°C), a large amount of liquid
water is pumped through the cell/stack and theeeftre volumetric fraction of liquid water is

larger than 95% at atmospheric pressure. Howewerofver 4,,, values AT > 5°C), the water

flow pumped through the cell/stack is much smadlied the liquid fraction decreases accordingly.
These results show that pressurization up to 5ibassfficient to maintain the gas fraction to less
than 10%. In conclusion, the water volumetric flpumped through a PEM cell/stack is a trade-off
between different factors: (i) the energy requitedpump that water flow; (ii) the maAT
acceptable to reduce ageing rates and degradatioegses; (iii) the heat transfer rates that aso s
the maximum temperature of the cell, which in tdiotates the durability. The volumetric gas
fraction can be reduced by increasing the opergimegsure, a condition which also favors heat

extraction.

2.4. Volumetric fractions of water and oxygen asrtiee anodic PTL

Another problem requiring attention is the maasgport situation that prevails at the anode
during operation (j 0). Porous transport layers (PTL) used on bothdan@ell component 3 in
Figure 1) and cathode (cell component 3’ in Figlyesides are key cell components. A PTL is
sometimes called a porous current collector (P@@gn the focus is placed on current conduction
through the bulk solid phase instead of mass t@nhsprough internal pores. During operatior (j
0), liquid water is transferred through the PTLnfrehe anodic compartment (4’ in Figure 1) to the
anodic catalyst layer (2’ in Figure 1): the drivifayce is the gradient of water chemical potential,

which is a combination of pressure and concenmagi@dients across the PTL. At the same time,
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gaseous oxygen is transported backwards, from nbdia catalytic layer (2’ in Figure 1) to the
anodic compartment (4’ in Figure 1): a driving feraf similar nature is acting but the gradiennis i
the opposite direction. At low operating pressufelese to ambient pressure), mass transport
limitations are sometimes observed when the pgrasithe PTL and/or the tightness of the cell are
inappropriate, even at low operating current dgnag shown in Figure 5 [21]. This is obviously a
limit that needs to be overcome to operate theatetiuch higher operating current densities.

Up to now, there is no clear understanding of theelmanism of water/cross-transport
across a PTL. What is well established is thatehsrno need to use two specific networks of
channels, one for the liquid (water) phase andfonthe gas (oxygen) phase. Experimentally, there
is however no clear evidence showing that the @®ds either stationary (co-existence of
stationary liquid and water flow in opposite diieos) or transient (evacuation of bursts of oxygen
gas once the oxygen pressure reaches a criticashtbld value). The situation and transport
mechanisms are expected to be different at low abipgy current density (transport of isolated
oxygen bubbles across pores filled with liquid wasand at elevated current density where most of
the volume is occupied by the gas phase (hydrapimternal pore are supposed to favor annular
transport of liquid water along pore walls while @snbulk pore regions are supposed to favor gas
transport). In order to put into evidence the itnei effect of operating pressure on the process, b
on a more quantitative basis, it is necessary koutae both flows. The liquid water and gaseous
oxygen flows are simply related to the operatingent density. It is therefore easy to calculat th
volumetric fraction of each of them across the Pad4.a function of operating pressure. The specific
flow of liquid water from the anode compartment i@ Figure 1) to the anode (2’ in Figure 1)

required to feed the OER at a current density(o}d'o) is given by :

J My, o
2F pu,o

Vi, o(em3.s7.em™2) = (17)
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Where, again, j is the operating current densit.om?, F is the faradayy, o is the molar weight
of water (18 g.mot), andpy,, is the volumetric weight of water (1 g.cm® over the T,P range of
interest). The specific flow of liquid water frorhe anode compartment (4’ in Figure 1) to the
anode (2’ in Figure 1) required for the electro-otimflow of protons across the membraniéz())

is given by:

jn My, o
F pu,o0

Vi o(em?.s™h.em™?) = (18)

Where n (with unit of mehbo/moleay.) is the stoechiometry factor that gives the nundfewater
molecules required for hydrating one proton. FoSRFmaterials (such as Nafithhaving an
equivalent weight EW = 1100 ed.gthis is usually close to 4 but n can vary siguaifitly as a
function of a large number of parameters (both ajpey and linked to the treatment of the

membrane). According to Egs. (17) and (18):

Vi o(em3.s7t.cm™?)

=2 19
Vg, o(cm3.s71.cm™2) " 19

The specific counter flow of gaseous oxygen from @node catalytic layer (2’ in Figure 1) to the

anode compartment (4’ in Figure 1) resulting fromtev dissociation at the anode is given by:

j 10°RT
4F P

Vo, (cm?.s7h.em™) = (20)
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Where R is the ideal gas constant (R = 8.314 J:i4d), T is the operating temperature in K and P
the operating pressure in Pa. The volumetric foastiof liquid watew,,, and gaseous oxyged,
across the PTL at T,P operating conditions areioddaby combination of Egs. (17), (18) and (20)

and found to be independent of |:

My,o (1
. . —2= (5 +
Xp,0(%) Vo + Vino _ PH,0 (2 n) (21— a)
100 Vo + Vio Vo, Mhyo (1 4 n) L 10°RT
PHy0 \2 4P
. , 10°R T
xoz(/o) _ Vo, _ 4 P (21—b)
100 v+ Vi +Vo, Mho (1+ n) L 10°RT
Pr,0 \2 4P

Figure 6 shows a plot of the water (Eq. 21-a) axyfjen (Eq. 21-b) volumetric fractions inside the
PTL as a function of operating pressure. At atmesplpressure, the volumetric fraction of liquid
water inside the pores of the PTL is only 1% arat tf gaseous oxygen is 99%. At 50 bars (the

maximum operating pressure of most PEM systemis)jgt86% and 64%.

3. The PEM Water eectrolysis cell operating in the multi A.cm™ range

Based on the conclusions of the previous sectidPEzlel water electrolysis cell capable to
operate up to 10 A.cfhas been designed and used to measure experirh®htatves.

3.1. Experimental details

Perfluorosulfonic acid (PFSA) polymer membranesfiph® 117, 115, 212 and 211) have
been used to prepare the different MEAs. Dry thedees are reported in Tablel. Platinum on
carbon (40 wt.%, 0.5 mg.cm Johnson Matthey, UK) has been used as electigsatat the

cathode for the HER. Unsupported iridium dioxidetiokes (Surepure Chemetals, USA) have been
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used as electrocatalyst at the anode for the OBR.catalyst layers (mixtures of catalyst particles
and PFSA chains) have been deposited onto the naemltry spraying a solution (50-50 vol.% of
water and isopropanol). I-V curves have been medsuising a 7 cflaboratory mono-cell
designed for operation at elevated current derBitg. cell was equipped with two thick end plates
with machined flow fields to facilitate water citation with A0 values up to 200, in order to
remove extra heat produced at elevated currentitgeiivie cell contained two titanium porous
transport layers (PTL, 50% open porosity, GKN Cor)e at the anode and one at the cathode. A
dedicated experimental setup has been used to meeabe |-V curves. Thermostated
(Bioblock/Huber thermostat) and de-ionized (Mill2@rade) water has been pumped through both
anode and cathode cell compartments. A 0-10Vold@ALDC power supply (Powerbox, Craftec
Co.) has been used for operation in galvanostaticlidons. Pressure transducers and regulators

(Keller Co.) have been used for pressure measutegnenmonitoring.

3.2. Experimental results

Polarization curves.€. plots of current density versus cell voltage & ¢urves) have been
measured at constant operating temperature ansupeesp to 10 A.cifiusing the 7 cflaboratory
PEM water electrolysis cell designed for operatainelevated current density. A typical result
obtained with a Nafioh 117 MEA is shown on Figure 7. The I-V curve (blagtcles, left Y axis)
measured at 80°C exhibited two characteristics dwnd) the activation domain at low (j < 1.0
A.cm®) current density where the ohmic drop associatithdl tive internal cell resistance is low and
where charge transfer overvoltages predominatg;tlfe ohmic domain where charge transfer
overvoltages can be considered as constant anc wieeroltage drop resulting from the internal cell
resistance predominates. The second curve (rdds;irgght Y axis) is a plot of the first j deriwag of

the |-V curve as a function of j: this is a plot the cell resistance if2.cnf. The value ofs 250
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mQ.cnt obtained for large j values is characteristic &M water electrolysis cell operated at 80°C
with a Nafiorf 117 membrane. Figure 8 shows five different I-\Wwes measured at 80°C and 15
bars up to 10 A.cifi using PFSA membranes of different thickness ktcles): (a) 178m; (b)
178um; (c) 127um; (d) 51um; (e) 25um. Water splitting efficiency values are shown loyizontal

dotted bleu lines (calculated using Eq. 6).

3.3. Performance analysis

Four different domains are delineated on the liat pf Figure 8 by using thick red dotted
lines. The first domain (l) is not directly accédsito the operator: this is the domain where cell
voltages are less than the minimum thermodynanggirement. The second domain (Il) is the usual
domain of operation of PEM water electrolysis cellsth cell voltages up to 2 Volt and current
densities up to a maximum of a few AénThe third domain (lll) is the high current degsiégion
which is already accessible today using commeycalhilable PFSA and cell materials, but which
requires cell voltages well above 2 \Volt (a critigalue for titanium collectors which are prone to
massive oxidation above that threshold) and cooredipg low efficiencies. The fourth and last
domain (IV) is the most interesting one: it is motessible yet, and R&D efforts are still needed to
make PEM water electrolysis cells operating at seletvated current densities with efficiencies >
75%. In order to identify the most significant cetirameters that dictate the cell performances, the
different I-V curves of Figure 8 have been fitted/] using the model Eq. (7). Best fit have been
obtained using an automated least-square procg2RireFit parameters are compiled in Table 1. In
Eq. (7) main operating parameters such as temperatd pressure, the various (electronic, contact
and ionic) internal cell resistances, anodic (OBR] cathodic (HER) exchange current densities and
the roughness factor of the two catalyst layersewaken into account. Exchange current densities

used in the fit for the HER and OER were those mreason smooth platinum and iridium dioxide
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electrodes respectively [17]. The micro-structufethee two catalytic layers has been taken into
account in a simple way by introducing the two fmggs factors¥(Eq. 8-a) and;T (Eg. 8-b) which

are defined as the dimensionless ratio of the &litrode/electrolyte interface area (in“cio the
geometrical surface area (in 9nTypical roughness values can go up to a few fechdiepending on
the nano-structuration of the electrodes.

For the four experimental |-V curves of Figure 8sbfits were obtained by setting exchange current
densities to constant values because in the faa@scghe same electrocatalysts were used at the ano
(IrOy) and at the cathode (Pt/C). Internal cell reststarwere calculated by taking the ionic resistivity
and the thickness of the different membranes usétki experiments and by adding the constant non-
ionic resistance of the 7 éntell. Experimental I-V curves were fitted by seitithe cathodic
roughness factor to a constant value of 150 (aackexistic value for this type of HE electrocatglys
and by adjustment of the anodic roughness fagtanty. Best fits were obtained for 5 £ « 75, a
characteristic of unsupported krQarticles. Above=1.7 \olt, overvoltages became almost constant.
The main cell voltage contribution that determities slopes of the |-V curves was the membrane
resistance. Domain (IV) of the plot with j > 5 A @ris the target domain. It will become accessible in
the future when sufficiently thin (but still mecheally resistant and also resistant to gas cross-
permeation [23]) PFSA membranes will become avilah hypothetical case (curve e) obtained
with similar catalysts but using a B thick membrane has been plotted in Figure 8 dommarison:
almost 7 A.crif were passed for a maximum cell voltage of 2.0.\@lperation at such elevated
current densities was found to have an impact dh bell design and water management. It is
necessary to pressurize the cell to reduce thanaihic fractions of the gas flow and the porosity o
the current collectors (Figure 1, 3-3") needs tabpisted accordingly. Also, the water flow pumped

through the cell must be adjusted to remove thessxdeat produced inside the cell by internal
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dissipation. In the future, the target point ofALBm™ at 2.0 volt will be reached by combining these

different factors.

4. Conclusions and per spectives

Conventional PEM water electrolysis cells are enty operated over the 1-3 A.émange
but technically, they can be operated close toafmwve) 10 A.cii. A cost analysis has been
performed to show the interest of operating PEMscap to 10 A.crif current densities. It is
necessary to adapt the cell design and to pumffieisnt amount of liquid water across the cell to
extract the excess heat and to avoid gas screeffiegis: those requirements have been discussed
in details. A correlation between the water flowndate maximum cell temperature has been
derived. The role of operating pressure has beefyzed. I-V curves have been measured at
current densities up to 10 A.&@n using PFSA membranes of various thicknesses. eThes
experimental I-V curves have been fitted with a elagjuation and key cell characteristics have
been determined. It is shown that even when usimg(€ 100um) PFSA materials, this leads to cell
voltages close to 2.5-3.0 volt and to low cell@éincies. Therefore R&D efforts are still needed to
increase the cell efficiency at elevated currensdies.

In terms of perspectives, innovative approachegequired to overcome existing limitations
that stifle development in the field of PEM watégatrolysis technology. From the electrochemical
engineering viewpoint, there is a need to optintieecell design and to reduce the internal resistan
of non-MEA components to values less than 10-ZDant. R&D efforts are also needed in material
science to develop innovative electrocatalysts smpwhe appropriate activity and nano-architecture,
and to get rid of noble metals, especially on tkggen side, and to increase interface roughness.
Efforts are also needed in polymer science to d@gvieinovative proton-conducting membranes, with

the appropriate proton conductivity, and showinga@d compromise between thickness and gas
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permeability. In particular, there is a need toalep thin (< 50um thick) and chemically stable
(lifetimes of operation > 20,000 hours are needaeeinbranes that could operate up to 150°C and up
to 50 bars with reduced gas cross-permeation flmwsbtain sufficient efficiencies at elevated
operating current densities. The contradictorydrbatween thickness and gas permeability reduces
the chances to overcome the problem by tuning thpepties of existing proton-conducting PFSA
polymer materials. Another approach would be torowe existing nano-composite materials of

reduced gas permeability.
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Figure Captions

Figure 1. Schematic diagram showing the internal structufeaoconventional PEM water
electrolysis cell. (a) cathodic compartment; (b)nmbeane-electrode assembly (MEA); (c) anodic
compartment.

Figure 2. (a) reference I-V curve and nominal set point;idrogen cost: (1) CAPEX; (b) OPEX;
(3) total cost.

Figure 3. Moo for (a) U = 1.5 Volt; (b) U*' = 1.6 olt; (c) U®' = 1.7; Volt; (d) U®" = 1.8 Volt; (e)
U’ = 1.9 Volt

Figure 4. Volumetric fractions of liquid water (black curyeand gaseous oxygen (red curves) as a
function of operating pressure, T = 65°C, arfd'¢ 1.8 V for different celAT: (a,a’) 3°C ; (b,b’)
10°C; (c,c’) 20 °C.

Figure5. |-V curves measured at 80°C and 1 atm on a 5-B&lMg water electrolysis short stack.
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Figure 6. Volumetric fractions of liquid water and gaseousygen versus operating pressure
(T=60°C, n=4).

Figure 7. (a) reference I-V curve with Nafi6n117 and (b) plot of the first order j derivativé o
curve (a). (1) specific resistance of the polymlecteolyte; (2) specific resistance of the cell=T
80°C.

Figure 8. PEM water electrolysis I-V curves at 80°C and &afsb @) experimental data points=)
numerical fits; {---) limits of the different I-V domains of operatioft) not accessible I-V domain;
(I conventional I-V domain of operation; (Ill) ¢ -V domain of operation; (V) target |-V

domain of operation.
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Table 1. Fit parameters of the I-V curves of Figure 8.

Membrane dry | Temperature Reen jo e i I

thickness jim) (°C) (mQ.cnf) | (A.cm® | (adim) | (A.cm? | (adim)
curve (a) 178 80 250 5 10° 150
curve (b) 178 80 210 10 25 10° 150
curve (c) 127 80 160 10 60 10° 150
curve (d) 51 80 92 10 75 10° 150
curve (e) 25 80 50 10 75 10° 210






