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Abstract

The influence of iridium oxide loadings at the anode of PEM water electrolysis cells on the
overall electrochemical performance was studied using cyclic voltamperometry and
electrochemical impedance spectroscopy, and by measuring polarization curves at 80°C.
Membrane electrode assemblies with reduced metal loadings (0.25 mg cm2 of Pt at the
cathode and 0.5 mg cm2of IrO; at the anode) were prepared using the decal method. A typical
cell voltage of 1.72 V was recorded using a 25 cm? cell with a Nafion® 115 membrane at a
current density of 1 A cm (at 80°C and atmospheric pressure). Performances measured with
such reduced noble metal loadings are similar to those obtained with conventional loadings of

several mg cm.
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Highlights

e Therole of the anodic catalyst loading (IrO2 hanoparticles) on the performances of PEM
water electrolysis cells was studied.

¢ A model was developed and used to fit the experimental plots of voltammetric charge
vs. catalyst loading.

e An optimal catalyst loading of 0.5 mgiro. cm? was determined.



List of symbols
A, dimensionless number  Fitting parameter
B,Cm? Fitting parameter, capacity of a single layer of catalyst

Nhny, % Efficiency, referred to the “Higher Heating Value” of hydrogen
(286 kJ mol?), considering that the latent heat of vaporization of
water in the combustion products can be recovered.

NLHy, %0 Efficiency, referred to the “Lower Heating Value” of hydrogen
(244 kJ molY), considering thatthe latent heat of vaporization of
water is not recovered.

Mioz, Mg cm2 IrO; loading at the anode

Miayer, 0 Mass of a single layer of catalyst particles

n Number of catalyst single layers in the electrode

N Total number of catalyst single layers in the electrode
g, C cm? Voltammetric charge

Q* Ccm? Total coulombic charge accessible at the electrode
Qinner, C cm? Inner coulombic charge, Qinner = Q" - Qouter

Qouter, C cm™2 Outer coulombic charge

R, nm Radius of spherical catalyst particle

p, g cm= IrO2 volumetric weight (11.66 g cm3)

RHE, V Reversible Hydrogen Electrode

v, mV st Electrode potential scan rate



1. Introduction

The massive utilization of fossil fuels - and the associated negative impact on the environment
- are calling for the development and implementation of clean, efficient and carbon-free energy
carriers such as molecular hydrogen. Among other processes, proton exchange membrane
(PEM) water electrolysis is considered as one of the key technologies that can be powered by
renewable energy sources and can be used for the large-scale production of clean hydrogen
[1]. Because of the high acidity of the perfluorinated membrane materials used in state-of-the-
art PEM water electrolysis (PEMWE) cells, expensive noble metals or their oxides (platinum
for the hydrogen evolution reaction or HER at the cathode and iridium for the oxygen evolution
reaction or OER at the anode) are required as electrocatalysts. At the cathode, significant
progresses made in polymer electrolyte membrane fuel cell (PEMFC) technology led to the
reduction of platinum loadings down to 0.3 mg cm. This was achieved by using high surface
area carbonaceous catalyst supports such as carbon powders [2], carbon nanofibers [3], and
even carbon nanotubes [4,5]. Pt/C catalysts used in PEMFC cells can also be used at the
cathode of PEMWE cells. At the anode, the OER takes place at high potential (= 1.5-1.8 V vs.
RHE), a situation that proscribes the use of carbon-based materials as catalyst support (carbon
is oxidized according to the reaction C + 2H,O - CO, + 4H" + 4e" at a potential of only +0.206
V vs. RHE [6,7]). Consequently, high loadings of unsupported iridium oxide (2-4 mg cm?) are
generally used [8]. In order to reduce the capital expense of PEMWE cells, there is a need to
reduce IrO, contents. A reduction of the IrO; loading can be achieved by either supporting the
IrO, particles on a conducting support material (titanium carbide [9,10], tantalum carbide
[10,11] and doped or reduced form of titanium [12,13] or tin oxide [14] have been reported in
the literature) or by incorporating some inexpensive and electrochemically inert materials such
as TiO; [15,16], SnO; [17-20], indium or antimony — tin oxide [21-24] or TaxO- [25] to the
catalyst layer in order to form Ir-based mixed oxides. However, along with the instability of
most of those supports in oxidizing environment [26], the IrO; loadings on these electrodes are

still quite high (1.5 to 2 mg cm?).

Another approach is to reduce the IrO; loading. To the best of our knowledge, only few studies
have been made to determine the effect of a reduction of the catalyst loading at the anode of
PEMWE cells [9, 27—30]. For example, Ma et al. were able to reduce the catalyst loading down
to 1 mg cm2 IrO; but this led to a significant reduction of cell performances [9]. The problem is
still unsolved and therefore, the objective of the research work reported here was to investigate
in detail the influence of IrO, loading on the overall performance of PEMWE cells and to

optimize the structure of catalytic layers.



2. Experimental

2.1 MEA preparation
A Nafion® NRE 115 CS (DuPont™) membrane (127 pum thick) was used as solid polymer
electrolyte. Commercial iridium dioxide (Surepure® Chemetals) and 46 wt.% Pt/carbon black
(TEC10V50E, Tanaka® Kikinzoku Int.) powders were respectively used as oxygen and
hydrogen evolution electrocatalysts. The amounts of catalyst powder and Nafion® ionomer
(5wt. % in water and ethanol, D520 DuPont™) were accurately weighed and then
ultrasonically dispersed in a mixture of deionized water and isopropanol (volume ratio 1:1).
The ionomer content of the electrocatalytic layers at the anode and the cathode was set to 10
and 26 wt.% respectively. Membrane — electrodes assemblies (MEAS) were prepared by
coating these suspensions onto the membranes. In principle, several methods can be used to
coat the anodic and cathodic catalyst layers on each side of the proton exchange membrane
[31,32]. For the preparation of small surface MEAS, spray coating is usually preferred [9,27,29].
However, for larger MEAS (typically hundreds of cm2 or more), blade coating or screen printing
is more appropriate, due to the speed of the process, its reliability and the homogeneity of the
coatings thus obtained. Whatever the deposition method is, it is often difficult to set and
measure accurately the catalyst loadings. This would require a strict control of the atmosphere
in contact with the membrane during the process (solvent partial pressure, air moisture, etc.),
even when fully dried membranes are used. After many attempts, we found that the decal
method was the most appropriate way to prepare batches of MEAs with reproducible catalyst
loadings in terms of content and homogenity. MEAs were thus prepared as follows. Catalytic
inks (suspensions of catalyst powder and ionomer solutions in solvents) were first sprayed
over flat PTFE sheets used as intermediate support. Then the catalyst layer-coated PTFE
sheets containing either Pt (cathode) or IrO, (anode) were dried at 80°C for 30 minutes in an
oven, and circular samples (5.64 cm diameter, = 25 cm?) were cut by a laser beam and
precisely weighed. The membrane was then sandwiched between two catalyst coated decals
(one cathode and one anode) and catalysts layers were transferred and bonded onto each
side of the membrane by hot pressing at 4 MPa and 135°C for 6 min. After cooling, the decals
were peeled away, leaving the two thin layers of catalyst on each side of the membrane. Each
PTFE sheet was weighed again after peeling and the difference of weight was used to
determine accurately the catalyst loadings transferred to each side of the membrane. For all
the experiments reported in this paper, the cathode catalyst loading was kept constant at 0.25

+ 0.05 mge: cM2.

After preparation, MEAs were treated for 1 hin 0.5 M sulfuric acid aqueous solution to remove

any impurity and completely exchange the membrane with protons. Then, they were stored in



deionized water (18.2 MQ cm?) for 12 h. They were then used for electrochemical
characterization using an electrolysis cell. MEAs were clamped between two machined Ti
grade 2 monopolar plates. A porous titanium disc made of sintered powder (Applied Porous
Technology Co., Sweden, mean pore size value = 10 um) was used in the anode compartment
and a carbon — based gas diffusion layer (SGL group, Sigracet®-34BC) in the cathode
compartment. The cell was finally tightened between two stainless steel clamping plates using

a dynamometric wrench at to 8 N m.

2.2 Measurement of PEMWE performance
Anodes containing various IrO; loadings (ranging from 0.1 to 2.6 mgcm? IrO;) were
investigated by cyclic voltamperometry, electrochemical impedance spectroscopy (EIS) and
by measuring polarization curves. A total of thirteen MEAs were prepared and tested. All
parameters (temperature, ionomer content, cathode and membrane) were the same except

the anodic catalyst loading.

Electrolysis performances were measured at 80°C and at atmospheric pressure using a 25
cmz single cell. Deionized water circulating through the anodic compartment was kept at the
same temperature as that of the cell. During experiments, the anode was supplied with
deionized water at a constant flow rate of 200 ml h*. Electrodes were first activated for
approximately 12 h, a period during which four polarization curves were recorded in the 0.4-
2 A cm?range using 0.2 A cm? steps. After activation, stationary polarization curves were
recorded from 0.04 to 2 A cm by applying a series of current density steps (0.04 , 0.08, 0.12,
0.16, 0.20, 0.40, 0.60, 1, 1.4, 1.8, 2 A cm?) with a 10 minutes long stabilization period between

each step.

EIS experiments were carried out using a high current potentiostat (Bio-Logic Science
Instruments SAS, HCP-803, 80 A) at frequencies ranging from 10 kHz down to 200 mHz.
Applied current densities were the same than those used for the polarization curves. A
stabilization period of 2 min was applied between each step in order to reach a quasi-stationary
regime. The amplitude of the sinus current perturbation was carefully chosen for each current
to fulfill the linearity conditions of the system, while ensuring a sufficient signal/noise ratio.
Purely ohmic resistances were determined by taking high frequency intercepts of Nyquist plots
with the real axis, assuming that pure resistance values are obtained at zero phase values.
Polarization resistances were taken as the difference between the extrapolated low frequency
intercept and the high frequency intercept on the real axis. Impedance data were fitted using

the Ec-lab® software.



Coulombic charges associated with the electrochemically active surface area (ECSA) were
determined by cyclic voltamperometry at room temperature using a VSP2 Bio-Logic
potentiostat before and after polarization experiments. Anodic electrodes (IrO,) were used as
working electrode. A nitrogen-saturated water flow (200 mL h') was pumped through the
anodic compartment during the measurements. A pure hydrogen atmosphere was set at the
cathode (Pt/C) which was used as both counter and reference electrode. Since current
densities recorded during cyclic voltamperometry (few tenth of mA cm2) are small compared
to those reached during PEMWE experiments (up to 2 A cm during electrolysis), the Pt/C
electrode was assumed to behave as a reversible hydrogen electrode (RHE:H»/Pt, at room
temperature and atmospheric pressure) of constant potential, independent of current density
passing through. Cyclic voltammograms (CVs) were recorded at different scan rates (from 5
to 100 mV s?) over a potential domain ranging from the hydrogen to the oxygen evolution
reactions (i.e. 0.05V - 1.3 V).

2.3Physical characterizations
Post-mortem characterization of MEAs with various IrO; loadings was carried out by scanning
electron microscopy (SEM) analysis. Cross sections of the MEA were prepared by cryofracture
and observed with a LEO 1530 field emission gun-scanning electron microscope (FEG-SEM)
at an accelerating voltage of 5 kV under a high vacuum. The surface area of the iridium oxide
powder was measured by adsorption of liquid nitrogen on the sample with a Beckman Coulter
SA3100. The analysis of the isotherms provided the Brunauer-Emmet-Teller (BET) specific

surface area. Outgasing was realized at 300 °C during 4 h.



3. Results and discussion

3.1Anode morphology
Typical SEM images of cryofractured MEAs obtained after electrochemical testing are shown
in Figurel. The anodic catalytic layers were found to be several micrometers thick. The mean
size of IrO, catalyst particles was found to be approximately 15 nm. The specific surface area

of the catalyst powder was measured by BET analysis and was estimated to be 35 m2 g*.
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Figurel: SEM images of two anodes with different anodic loadings.
(a) 1.7 mg cm2 and (b) 0.31 mg cm-21rO-.
MEAs with high IrO; loading show catalytic layers of homogeneous thickness (Figurel-a).

MEAs with lower catalyst loadings present cracks and large thickness heterogeneities
(Figurel-b).



Figure 2 shows that there is a direct correlation between the anode thickness and the catalyst
loading. It should be noted that anode thicknesses was measured only after electrochemical
experiments. Since cryofracture is a destructive method and since MEAs are firmly clamped
between porous current collectors during cell testing, this may cause the deformation of the
active layer. This partly explains the scattering of data observed in Figure 2 although loadings

are accurately known.
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Figure 2: Anode average thickness determined by SEM analysis on cryofractured MEAs as a function
of IrO2 loading.



3.2Influence of IrO2 loadings on the electrochemical active surface area of
anodes
The number of electroactive sites available for the OER at an oxide surface is generally
determined by cyclic voltamperometry. The underlying assumption is that the number of sites
probed by this technique is the same than those involved in the OER mechanism. CVs
recorded at a constant scan rate of 20 mV s on anodes containing various IrO, contents, are
plotted in Figure 3.
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Figure 3: Cyclic voltammograms of anodes with various IrOz loadings at a sweep rate of 20 mV s* and
room temperature.

These CVs are all characteristic of IrO; catalysts, as previously reported [33]. Their shape is
characterized by the presence of two broad peaks corresponding to the solid state redox
transitions that occur due to the adsorption and oxidation of oxygenated species from the
electrolyte [34]. Iridium dioxide is reversibly oxidized and reduced through a mechanism that

involves a proton transfer to/from the surrounding electrolyte [35,36], as follows:
[rOa(OH)p + OH™ + 3 SIrOa5(OH)b+s Equation 1

Active surface areas were evaluated for each anode according to the method proposed by
Ardizzone et al. [36] and Lodi et al. [37]. The surface area under the anodic voltammetric

curves (

Figure 3) represents a voltammetric charge (q) which is proportional to the true surface area
of the electrode-polymer interface [36]. This charge was determined by direct integration of

experimental curves. It can be observed (Figure 4-a) that (q) decreases as the potential scan



rate (v) is increased. Assuming that the scan rate dependence of q is relative to the diffusion

of protons to the surface, g is supposed to vary linearly versus v**2. Figure4-a shows that the

linearity is quite well observed for IrO- catalyst loadings up to 2.2 mg cm™.
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Figure4: Dependence of voltammetric charge (q) of anodes on scan rates for different catalyst loading

a- q vs.v'12 plot for different loadings. Extrapolation of the linear section to v = « (y intercept) is used

to determine Q outer.



b- glvs.v12 plot for different loadings. Extrapolation of the linear section to v = 0 (y intercept) allows
the determination of (Q*)1.

Extrapolation of the linear sections to the origin gives the charge values at v=w. These charge
values are related to the number of catalytic sites available at the surface of catalyst particles
(i.e. in direct contact with the electrolyte). This is called the “outer” surface of the oxide (Q
outer). On the other hand, a plot of g versus v2 linearly extrapolated to v=0 (Figure 4-b)
provides a measure of the entire charge (Q*) accessible at the catalyst surface. The total
charge Q* is assumed to be the sum of the inner (Q inner) and outer (Q outer) charges: Q* =
Qinner + Qouter. The inner charge is related to the existence of less accessible surface regions
(those located at loose grain boundaries, in pores, cracks, etc.).

The voltammetric charge (Q*) can be considered as an indirect measure of the number of
electroactive sites (the real electrochemical surface area or ESCA) of the electrode even
though a conversion of this charge into a measure of the surface area is a difficult task because
the nature of the surface reactions is not precisely known [36]. Hence, the following discussion
is based on the values of the total charge (Q*). Figure 5 shows a plot of Q* versus the catalyst
loading. The voltammetric charge increases logically with the IrO;, loading. For catalyst
loadings less than 1 mg cm2, i.e. for thin electrodes (less than 3 um thick), Q* increases linearly
with the catalyst loading. For catalyst loadings larger than 2 mg cm (layers thicker than 5 um),
Q* tends to reach a constant value close to 1 C cm™. According to these results, the optimal

loading is in the 1.5 - 2 mg cm™ range.
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Figure 5: Evolution of the total voltammetric charge (Q*) as a function of IrO2 loading.



These results differ with those reported by Savinell et al. [33] who found a continuous and
linear increase of the voltammetric charge Q* with the electrochemically active surface area
(the IrO2 loading). In their experiments, they investigated IrO; films formed at the surface of
titanium plates obtained by thermal decomposition of a precursor salt (HzIrClg), over a large
range of catalyst loading (from 0.88 to 2.7 mg cm, see Figure 8-a and 8-b). One of the main
difference between the two sets of experiments lies in operation conditions. The electrodes
studied by Savinell et al. [33] were characterized in a liquid aqueous electrolyte (1 M H2SOg).
In this case, it can be expected that all catalytic sites (including those located inside surface
cracks) are probed. Regarding the results reported here, IrO, anodes were made of catalyst
powder — ionomer mixtures in contact with a solid electrolyte. SEM micrographs of figure 1
suggest that anodes are made of densely packed layers of electronically conductive catalyst
spheres. Voids and cavities are filled with ion-conducting ionomer. Hence the saturation of the
voltamperometric charge observed at high catalyst loadings (Figure 5) can be explained by a
lack of access of protons to catalytic sites located at the surface of particles embedded deep
inside the electrode, away from the membrane surface, close to the backing Ti current

collector.

In order to account for the experimental data of Figure 5, a simple geometric model has been
used. In this model, the anode is represented by the stacking of successive layers of spherical
catalyst particles (Figure 6). Underlying assumptions of the model are:

e electrochemically active sites of the first catalyst layer (in direct contact with the bulk
membrane) are all accessible to protons; the full specific surface area ECSA of this first

layer of particles is therefore:

ECSA = L(1 —¢) Equation 2

PDyparticle
where Dparicie IS the particle diameter, p the volumetric weight of the particle material
and ¢ is the pore fraction (¢= 0.33 in a cubic packing [33]);

e to access the next layers, protons are transported to/from the bulk membrane through
ionomer pathways located along the porosities of the different layers. Since the catalyst
layer is a mixture of catalyst particles and ionomer chains, the probability that a catalytic
site of a given layer is not connected to the membrane increases layer after layer.
Models developed for porous electrodes in liquid electrolytes take into account the fact
that the wetting of the deep sites is limited by the porosity and tortuosity of the
electrode. The same idea was used here. Accessible active sites in a given layer

depend on the number of layers located up to the membrane. This is equivalent to a



kind of “shadow effect”. Hence, the electrochemically active surface area of individual

layers in this stacking of catalyst particles depends on the cumulated shadow effects
of other layers.

a)

b)

Figure 6: hexagonal close packing of IrO2 spherical nanopatrticles in the catalyst layer.
a) top view, b) side view.
The theoretical coulombic charge Q* of the anode is calculated by summing up the contribution
of the N single layers of spheres, starting from the first layer in direct contact with the bulk
membrane (light grey spheres in Figure 6) up to the last one in contact with the backing titanium
current collector. As discussed before, the idea is that the contribution of each layer to Q*
decreases with N: the contribution of the n" layer to Q* is less than the contribution of the (n-

1) layer. Due to the complex geometry of the system, Q* has been calculated empirically
using Equation (3):

Q* =B x YV exp (_Tfl) Equation 3

Q is the total voltammetric charge of the anode in C cm™.



B is a characteristic of the catalyst used at the anode; this is the coulombic charge in C
cm2 of the first layer of spheres in direct contact with the membrane (Eq. 2), which is close to
the charge that could be measured on a flat surface.

n is the n'" layer of catalyst particles in the stack of N layers

The contribution of successive layers to Q* is postulated to decrease exponentially
along the distance normal to the membrane, in order to account for experimental observations.
This exponential distribution of catalytic sites along the thickness of the electrode is used to
account for several physical parameter such as the ionomer content, porosity and tortuosity of

conduction path within the anode that restrain the access of protons to the catalytic sites.

A is an empirical parameter that is used to set how the contributions of the N layers to
Q* do vary. This is a floating parameter used to fit experimental data. The reference value
(100%) indicates that the charge of the layer is equal to B (the charge of a flat surface).
Subsequent layers contribute to Q* by only a fraction of B. Figure 7 shows a plot of the
contribution (in %) of each layer, for different empirical values of A. When A is large (tends to
infinity), the electrochemically active surface area of the particle of each single layer remains
the same. In that case, each particle of any single layer is fully accessible to protons and the
voltammetric charge increases linearly with the catalyst loading — as reported by Savinellet al.
[33]. If Ais low, this means that only the few first single layers are electrochemically active. Q*

tends to a limit when the loading is increased, as experimentally observed.
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Let’'s now express Eq. (3) as a function of the shape of catalyst particles. Eq. (3) can be

rewritten as:

1-exp(-Y ,
Q" =B Xexp (— %)%pg—gg Equation 4

The number of catalyst single layers “N” is related to the catalyst loading. Assuming that
catalyst particles are spherical in shape (radius R), the mass of an individual iridium oxide

nanoparticle is:
4 .
Mparticle = gﬂpR3 (9) Equation 5

where p is the volumetric weight of iridium dioxide (p = 11.66 10° g m3[38]).

Assuming that catalyst spheres are packed in a simple hexagonal close packing structure, the

density of circle packing in the plane is L. Hence, the weight of particles per single layer

2V3

contained per unit surface is:



TR?

Migyer = (ﬁ) X gnpR3 = :THEpR (9.m?)Equation 6

Knowing the catalyst loading of the electrodes mioz (in g m?), it is possible to calculate the

number of single layers N contained in the electrodes:

mITOz mITOz mITOz
N=——F=5g7—=0Cx—>=

Equation 7
Miayer mp

where C = 33 Equation 8
2mp

In Eq. (8), C is a geometrical constant that can be used to consider different sphere packing

(cubic, hexagonal, tetrahedral etc...).

Finally, Q* is given by:

* 1 l_exp(_c%) 1
Q =B X exp (— Z)Tp(—%) Equatlon 8

Using equation 8, only two independent parameters (A and B) are required to fit the
experimental plots of the total charge (Q*) versus the catalyst loading. Experimental data of
figure 6 have been fitted using equation 8. Best fits were obtained with A =86 and B =125C mr
2, The same model and fitting procedure were then used to analyze data previously reported
in the literature using dimensionally stable anodes prepared at 400°C by thermal
decomposition of IrCls salt on titanium plate [39], H2IrCls at 450 °C on titanium plate (average
particle size: 51 nm diameter) [33] and HIrCls at 500 °C on p-Si substrate in air [40]. Fits are

plotted in Figure 8 and fit parameters are compiled in Table 1.
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decomposition and reported by Fierro [40], Ardizzone et al.[39] and Savinell et al.[33]. b) zoom on the
results reported in the literature and obtained by thermal decomposition of iridium chemical

precursors.



Reference Preparation method
(a.u.) (Cm?3)

IrO.PEMWE

, Nanoparticles 86 125
electrode (this work)

[39] IrO, film formed on titanium plate by thermal
decomposition of IrCl; salt at 400°C

IrO; film formed on titanium plate by thermal
[33] N 190 12
decomposition of HalrClg at 450 °C

IrO; film prepared by thermal decomposition

40
140] HalrClgon p-Si substrate in air at 500°C

Table 1: Parameters A and B derived from the simulation of voltammetric charge vs. IrO2 loading
curve.

The value of A obtained from the best fits for the nanoparticles — based electrodes (this work)
half what was obtained with the thermally prepared IrO- films.This is an indication that deeply
embedded catalytic sites on electrodes prepared by thermal decomposition of precursors are
still active whereas those of nanoparticles electrode are not. Two explanations can be put
forward to account for these results. First, Q* values obtained on IrO- electrodes prepared by
thermal decomposition were measured in liquid electrolyte (1 M H2SO,[33], 0.5 M [39], 1M
HCIO.[40]). Access of the protons to catalyst particles and sites in the electrolyte-filled porous
structure is higher than in the case of porous catalyst — ionomer mixture filled with
nonconductive de-ionized water. Second, the particles of IrO, electrodes prepared by thermal
decomposition (mean diameter = 51 nm) are larger in size than those of the powder
nanoparticles (15 nm). Electrodes porosity is higher when larger particles are used. Thus,
catalytic sites are more accessible in these mesoporous structures (containing pores with
diameters between 2 and 50 nm) than when nanoparticles are used. In addition, electrodes
produced by thermal decomposition of precursor salts showed a higher number of large cracks
that also contribute to increase the porosity of the electrodes. Regarding parameter B (the
voltammetric charge of single layer of catalyst particles), the value obtained on IrO-
nanoparticles is one order of magnitude higher than what is obtained on thermally prepared

IrO- films. This is probably related to the larger specific surface area of the nanopatrticles.

In conclusion, the voltammetric charge measured on the electrode containing IrO>
nanoparticles is much higher than the charge measured on thermally prepared IrO; films.
Considering the voltammetric charge only, the optimum loading of IrO> nanoparticles should

be in the 1.5 - 2 mg cm™ range.



3.3PEM water electrolysis performances
The electrochemical performances of MEAS containing various anodic catalyst loadings were
measured at current densities up to 2 A cm. As reported in previous publications [8,41], the
overvoltage of the OER is the major contribution to cell losses (the cathode exhibits good
kinetics in this range of current densities). Typical polarization curves recorded at 80 °C with
different IrO loadings are shown in Figure 9. The general trend is that best performances are
obtained with larger IrO loadings.

29 0.1 mg/cm? IrO2
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----- 0.32 mg/cm? Ir02 -
> 5 ——0.4mgcm?ir02 LT
° 7 - --0.71 mg/cm? IrO2 -7 -
g ——1.71 mglem? Ir02 .-
2 ] -
>18 -
="
o
16 -
1_4 ] T T T T T T T T T T T T T T T T T T T 1
0 0.5 1 15 2

Current density / A cm-2

Figure 9: Polarization curves at 80°C using different anode catalyst loadings and 0.25 mg cm-2 Pt/C,
and Nafion® 115 electrolyte membrane.

A plot of the cell voltage measured at 0.12 A cm2as a function of the anodic catalyst loading
is provided in Figure 10. This plot shows the influence of anodic loading on charge transfer
kinetics (at this low current density, the ohmic voltage drop due to the resistances of the cell
and the membrane are small and can be neglected; hence results reflect the performance of
anodes only). The cell voltage gradually decreases as the anodic loading increases until a
value of approximately 1 mg cm21rQO; is reached. For larger loadings, the cell voltage remains
constant. This decrease in cell voltage is due to the improvement of the kinetics of the OER
which is directly related to the number of active sites (active surface area) available for the
reaction. This trend is consistent with the evolution of the voltammetric charge Q* as a function
of catalyst loading (Figure 5). The maximum activity of anodes is thus obtained for IrO loadings
of =1 mg cm21rO,.
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Figure 10: cell voltage at low current density (0.12 A cm-?) as a function of anodic catalyst loading at
80°C.

A similar plot obtained at 1 A cm? is provided in Figure 11. In contrast to the results obtained
at 0.12 A cm, at this current density cell voltages are affected by ohmic cell resistances. Data
give an indication on the electronic conductivity of the electrodes and on the contact resistance
between electrodes and backing porous current collectors. A cell voltage of approximately
1.72 V is obtained at 1 A cm and 80 °C for IrO loadings up to 0.5 mg cm™. In the 0.5-2.6 mg
cm?range, the electrode becomes thicker (see Figure 2). This results in an increase of the
ohmic resistance of the cells due to the transport of protons through the catalyst layer, as
already reported [9]. This increase of the ionic transport resistance counter-balances the
positive effects due to the presence of a larger number of catalytic sites. It should be noted
here that charge transfer resistances measured at low frequencies are not significantly affected
by IrO; loadings. They only slightly increased at very low catalyst loadings (less than 0.3 mg
cm2). According to Figure 11, a loading of 0.5 mg cm2appears to be a threshold value below
which the performances of the cell drop quickly with the loading. This value corresponds to the
minimum amount of catalyst required to obtain a good electronic conduction with inactive
layers (lack of percolation of iridium oxide particles in the plane of the electrode) and a good
contact between electrodes and backing current collectors. Therefore, as highlighted in Figure
10, below this threshold value of 0.5 mg cm21rO,, a catalyst support is needed to maintain the

same level of electrochemical performances.

These estimations are consistent with SEM observations made on MEASs after electrochemical

testing. For anodes with low anodic loading (Figurel-b), the surface presents cracks and



thickness heterogeneities. The number of catalyst particles is not sufficient to support the

release of oxygen; the consequences of this situation are:

* a loss of active surface resulting in an increase in cell voltage at low current density (see
Figure 10).

* a reduced electrical contact between the electrodes and the backing current collector which
in turn lead to an increase of the ohmic resistance and an increase of the cell voltage at high

current density (Figure 11).
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Figure 11: Cell voltage and ohmic resistance at high current density (1 A cm) as a function of anodic
catalyst loading at 80°C. Rohm corresponds to the total ohmic resistance in the cell including external
circuit resistance, resistance of the electrodes and the electrolyte, and contact resistances.

4. Conclusions

The performances of PEM water electrolysis cells containing different IrO; loadings at the
anode were measured and analyzed. A simple model is proposed to account for the
relationship between the electric charge measured by cyclic voltamperometry (proportional to
the number of electroactive sites) and the IrO, loading at the anode. Results show that a
catalyst layer containing IrO. nanoparticles does not operate homogeneously. Active sites in
volume are not involved in the OER mechanism. In terms of catalyst loading, electrochemical
characterizations show that there is a threshold loading value of 0.5 mg cm IrO, above which
the cell voltage does no longer depend on catalyst loading (a cell voltage of 1.72 V was
obtained with a Nafion® 115 membrane at 1 A cm?, 80°C and atmospheric pressure). Below
this threshold, the percolation of individual iridium oxide particles becomes problematic and

electrochemical performances tend to degrade rapidly. In this low loading range (< 0.5 mg cm"



2 1rOy), there is a need to add a conductive support of large surface area in order to keep a

good conductivity inside the active layer and make all catalytic sites electrochemically active.

A solution to this problem will be described in the second part of this research paper [42].
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