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Transition metal oxides-based catalytic layers often present a complex 3D porous architecture affecting the
evaluation of their intrinsic electrocatalytic activity. In this work the oxygen evolution reaction activity of core-
shell Fe;04@CoFe;04 nanoparticles combining a conductive magnetite core and a catalytically active cobalt
ferrite shell was studied at different loading and thickness of the catalytic layer. It was observed that their
apparent activity is decreasing and that the Tafel slopes are becoming convex when the loading increases. The
activity decay could be attributed to the significant resistance to charge transport in the thick porous catalyst
layer. This resistance could be estimated by fitting the electrochemical impedance spectra using the transmission
line model. The influence of the layer thickness on the experimental current-potential curves and on their Tafel
slopes could be simulated using a simple model based on the Telegrapher’s equations. It is concluded that in
order to measure accurately the activity and Tafel slopes of an electrocatalyst, thin layers must be used, notably

for catalyst layers that are not highly conductive.

1. Introduction

Anion exchange membrane water electrolysis is an attractive alter-
native to proton exchange membrane water counterpart allowing the
replacement of the iridium anodes by more abundant 3d transition metal
oxides (TMO) based on nickel, cobalt, iron or manganese [1,2]. TMOs
with spinel structure constitute a promising class of oxygen evolution
reaction (OER) catalysts due to their high electrocatalytic activity, a
relatively low synthesis temperature allowing the preparation of high
surface area catalysts and their composition-dependent and widely
tunable properties [3,4].

Benchmarking of TMOs is usually performed in aqueous electrolytes
by depositing a catalyst layer on the surface of an inert substrate
enclosed in a rotating disk electrode (RDE) setup. However, the TMO-
based catalytic layers often present a complex 3D porous architecture
affecting the evaluation of their intrinsic activity. Indeed, the packing of
the catalyst particles (here nanoparticles (NPs)) within the structure
determines the porosity of the assembly, i.e. the active surface area of
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NPs, as well as the charge transport between them, i.e. the conductivity
of the layer. In the case of the OER in an aqueous alkaline electrolyte, the
performance of the catalyst layer can be affected by: the water /OH™
transport in the catalyst layer which depends on the porosity of the
layer; the efficiency of the O, removal and eventually the formation of
O, bubbles that might block the access to catalytic active sites; local
changes of the pH affecting the stability and the activity of the layer;
electronic conduction across the layer which depends on the intrinsic
conductivity of the catalyst materials composing the layer and/or on the
contact resistance between the catalyst particles.

At room temperature, the electronic conductivity of TMOs is usually
not very high. Thus, to compensate for this lack of conductivity, carbon
is often added to the catalytic layers for benchmarking of TMOs.
Numerous TMO-based catalysts for the OER have been studied in the
literature and these materials generally presented a low conductivity if
no carbon was added to the catalytic layer [1,2] However, carbon ma-
terials are oxidized at high anodic potentials required for the OER [5].
Hence, carbon addition could be eventually used to determine the
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activity of TMOs but it won’t be possible to use it at the anode of a water
electrolyzer an industrial scale. Another possibility is to develop elec-
trocatalysts based on TMOs with high intrinsic electronic conductivity
such as Fe304, that is conductive thanks to an electron hopping between
the Fe (II) and Fe (III) cations [6]. However, even if Fe3O4 nanoparticles
possess high intrinsic conductivity, the conductivity of NP networks may
be low due to the contact resistance between the NPs, the conductivity
mainly involving the tunneling of electrons between the NPs [7,8]. Thus,
to accurately evaluate electrocatalytic activity of such materials it is
critically important to consider charge transport through the catalytic
layer and understand whether the entire surface of the catalytic material
is involved in the electrochemical reaction.

In order to understand better the effect of the catalyst conductivity,
Chung et al. [9] reported on how the electrical resistance of the catalytic
layer affects its hydrogen evolution electrocatalytic activity. They
investigated poorly conductive amorphous and crystalline MoS;
(loading 0.25 mg.cm‘z) mixed with various amounts of carbon and
demonstrated that both the overpotential and the Tafel slope are
affected by underutilization of the active material and the ohmic losses
in the catalyst layer. Indeed, increase of the ohmic resistance resulted in
an increase of the overpotential (required to reach a 10 mA.cm 2 current
density per geometric surface) from 0.15 to 0.35 V and Tafel slope from
40 to 75 mV.dec'!. Additionally, for poorly conductive catalysts they
observed an inflexion in the Tafel plots that deviated from a linear
behavior and became convex. They concluded that while electrical
conductivity of the catalyst layer is often neglected in electrocatalytic
studies, it should be considered as one of the important criteria when
designing electrocatalysts.

In the past years, electrochemical impedance spectroscopy (EIS) has
been successfully applied to the study of porous electrodes. [10-13]. In
many cases, the impedance spectra obtained on porous electrodes could
be reasonably fitted by using distributed-element models such as the
transmission line model. For example, Papaderakis et al. [14] studied
the OER on porous iridium oxide catalytic layers in acidic solution and
used the transmission line model to evaluate the charge transfer resis-
tance and capacitance for different loadings. By studying the impedance
spectra at potentials below and in the potential range of the OER, they
concluded that impedance studies of porous IrO, electrodes can give an
estimate of their total capacitance C, and that this capacitance decreases
during the OER due to the pore clogging by evolved O,.

We report here on OER active nanoparticles which combine a
magnetite core and a cobalt ferrite shell: Fe304@CoFe;04. These well-
defined NPs with a narrow size distribution and controlled shape and
composition both for the core and the core-shell were synthesized via a
seed-mediated growth based on the thermal decomposition of metal
complexes as recently reported [15,16]. Such a core-shell structure al-
lows combining an electrochemically active phase (Co-Ferrite) at the
nanoparticle surface and a conductive Fe304 core. [7,8] Even though the
shell is not conductive, this conductive core is expected to enhance the
electron transport between the current collector and the interface be-
tween the nanoparticles and the electrolyte. They also present the
advantage of using low amounts of cobalt, an element which demand is
exploding worldwide and which has been classified as critical material
by the European union recently [17]. In what follows, the influence of
the thickness of Fe304@CoFe;04 catalyst layer on the determination of
the intrinsic OER activity is discussed for two catalyst samples with
different NPs diameters, 9 nm and 14 nm by using voltammetry, Tafel
slope analysis and electrochemical impedance spectroscopy.

2. Materials and methods

The core-shell Fe304@CoFe;04 NPs were obtained via a seed-
mediated growth based on the thermal decomposition of iron (II) and
cobalt (II) stearate complexes. These metal complexes were synthetized
following already published procedures for the iron stearate [18] and
the cobalt stearate [15]. In a 1 L two-necked round-bottom flask, 9.8 g
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(32 mmol) of sodium stearate (98.8%) were poured and 320 mL of
distilled water were added. The mixture was heated to reflux under
magnetic stirring until all the stearate was dissolved. Afterward, 3.80 g
(16 mmol) of iron (II) chloride tetrahydrate (or 3.16 g (16 mmol) of
cobalt (II) chloride hexahydrate) dissolved in 160 mL of distilled water
was poured in the round-bottom flask. The mixture was heated to reflux
and kept at this temperature for 15 min under magnetic stirring before
cooling down to room temperature. The colored precipitate was
collected by centrifugation (15 000 rpm, 5 min) and washed by filtration
with a Buchner funnel. Finally, the powder was dried in an oven at 65 °C
for 15 h.

2.1. Core-shell 9 nm NPs

Core shell Fe304@CoFe304 NPs having an average diameter of 9 nm
(denoted CS-9 in the following) were prepared using the following
procedure [15,16]. The core (iron oxide NPs) was synthesized using an
already published protocol [3]. A two-necked round-bottom flask was
filled with 1.38 g (2.22 mmol) of iron (II) stearate, 1.254 g (4.44 mmol)
of oleic acid (99% Alfa Aesar) and 20 mL of dioctyl ether (BP = 290 °C,
97% Fluka). The brownish mixture was heated at 100 °C under a mag-
netic stirring for 30 min in order to remove water residues and to ho-
mogenize the solution. The magnetic stirrer was then removed and the
flask was connected to a reflux condenser before heating the solution to
reflux for 2 h with a heating ramp of 5 °C/min. At the end, the mixture
was allowed to cool to 100 °C. 4 mL of the solution was taken to char-
acterize the NPs core. After cooling at room temperature, this 4 mL
fraction was precipitated by the addition of acetone and washed by
agitation with a magnetic stirrer in warm acetone (60°). They were then
stored in chloroform.

The other fraction was used to perform a second thermal decompo-
sition and synthesize the shell by adapting an already published protocol
[16]. After a cooling down step 0.335 g (0.531 mmol) of cobalt stearate
(I1) was dissolved in 20 mL of octadecene and subsequently added to the
remaining solution. The reaction medium was heated again at 100 °C for
30 min under magnetic stirring to remove water residues and to ho-
mogenize the solution. After removal of the magnetic stirrer, the flask
was connected to a reflux condense to heat the solution at reflux for 3 h
under air with a heating rate of 1 °C/min. Finally, after cooling to room
temperature, the nanoparticles were precipitated by the addition of
acetone to wash them by agitation with a magnetic stirrer in warm
acetone (60 °C) for 1 h. They were then stored in chloroform.

2.2. Core-shell 14 nm NPs

The iron oxide core of the NPs was synthesized using iron stearate
(111), the synthesis protocol was developed by F. Perton [19]. 2 g (2.2
mmol) of commercial iron (III) stearate, 1.23 g of oleic acid (99% Alfa
Aesar), 19.5 mL of squalene and 0.5 mL of dibenzyl ether were used for
the core synthesis. After the homogenization step, the flask was con-
nected to a reflux condenser before heating the solution to reflux for 1 h
with a heating ramp of 5 °C/min. After cooling, the NPs were precipi-
tated, washed and stored in chloroform.

For the shell synthesis half of the already washed core NPs was taken
and the chloroform was evaporated with a rotavapor. 0.456 g (0.73
mmol) of cobalt (II) stearate, 0.914 g (1.47 mmol) of iron (II) stearate,
1.27 g of oleic acid, 10 mL of dioctyl ether, and 20 mL of 1-octadecene
were added to the reaction medium. After the homogenization step, the
flask was connected to a reflux condenser and kept at reflux for another
2 h with a heating ramp of 1 °C/min. After cooling, the NPs were
precipitated and washed.

2.3. Electrochemical measurements

The NPs were drop-casted on a clean and polished glassy carbon (GC)
electrode (d = 0.5 cm) and a 3-electrode cell was used with a 0.1 M



L. Royer et al.

NaOH electrolyte to characterize the material electrochemically. The
working electrode (WE) was a glassy carbon on top of which the NPs
have been drop-casted, the counter electrode (CE) was a gold wire, and
the reference electrode (RE) was a Hg/HgO/0.1 M NaOH whose po-
tential was regularly measured vs. RHE to make sure that it was stable in
time.

First, 50 cycles of cyclic voltammetry (CV) were done between 0.83
and 1.43 V vs. RHE with a scan rate of 100 mV s~ ! in order to clean the
surface and to get rid of the oleic acid/ organic molecules that can
surround the NPs. After that, some slower rate (10 mV s_l) cyclic vol-
tammetry measurements were performed and the Tafel slopes plots wee
constructed from the IR corrected positive scans of the CV by dividing
the current by the catalyst mass. Upon observation that for high loadings
the Tafel slopes were deviating from the ideal linear behavior, the Tafel
slopes were determined by fitting the linear parts of the Tafel plots
around two different potentials: 1.62+0.15 and 1.67+0.15 V vs. RHE.
The impedance measurements were performed at 1.62 V vs. RHE. The
range of frequency was from 0.2 to 10 kHz with 10 points per decade.
The electrolyte resistance was determined from the high frequency part
of the impedance spectra (100 Hz). The catalyst loading on the GC
electrode varied from 131 to 1.3 p.lg.cm"2 for CS-9 and 42.8 to 0.7 pg.
cm™2 for CS-14. Measurements were performed on a Gamry potentiostat
REF 600. All experiments were repeated at least three times to confirm
their reproducibility. The electrochemical results will only be exploited
for a current density lower than 1 mA.cm ™~ to avoid the influence of the
O, bubble formation and the mass transport issues.

2.4. SEM characterization

NPs were drop-casted onto either a silicon wafer or a GC plate (1 mm
thick) at different loadings in order to analyze their spatial arrangement
on the substrate. Cross-sections were obtained by breaking the sub-
strates and then subjecting them to an argon ion beam using IM4000plus
cross polisher at 6 keV voltage. Silicon substrates were submitted to the
beam for 45 min. Thus, obtained cross sections were characterized by
scanning electron microscopy (SEM) with a Zeiss Gemini SEM 500
scanning electron microscope with a lattice resolution of 1 nm using SE-
Inlens (secondary electrons) detector at 1 keV voltage, 15.00 um aper-
ture and the working distance 3 mm. Before taking the images, the
samples were cleaned with N plasma generated by an evactron (power
20 W for 2 min). Since the quality of the cross-sectional images was
much higher when using the flat silicon wafer substrate, they will be
used for further analysis.

2.5. TEM micrographs

The TEM images were obtained on a JEOL 2100 LaB6 instrument
with a 0.2 nm point-to-point resolution. Transmission electron micro-
scopy (TEM) data were used to calculate the mean size of NPs with a
standard deviation, in measuring the size of 200 NPs with the Image J
software. High-resolution image of the NPs were taken to clarify
whether NPs comprise of single crystals. The chemical composition of
the NPs was investigated with energy dispersive spectroscopy (EDS).
The Fast Fourier Transformation and the microscopy images treatment
and analysis were done using the Digital Micrograph software.

2.6. XRD measurements

Measurements were performed on a Bruker D8 Advance diffrac-
tometer equipped with a non-monochromatic copper radiation (Ko =
0.154,056 nm) and a Sol-X detector in the 20—80° 26 range with a 0.02°
step. High-purity silicon powder (lattice parameter a = 0.543,082 nm)
was systematically used as an internal standard.
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3. Results and discussion
3.1. Characterization of the NPs and NP layers

In this work, two types of NPs were used: CS-9 and CS-14. Their
characterization showed that the NPs are homogeneous in size, shape,
and composition. Their size, structure and crystallinity have been
confirmed by X- ray diffraction (Fig. 1A), transmission electron micro-
scopy (Fig. 1B, C, E, F) and the core-shell structure has been confirmed
thanks to the electron energy loss spectroscopy (EELS) mapping [20].
They display an average diameter of 9.3 nm and 14.0 nm respectively
(Fig. 1D) and are presenting X-ray diffraction peaks characteristic of the
spinel structure although according to similar cell parameters (8.3919 A
and 8.396 A; JCPDS card n°22-1086 and 8.396; JCPDS card n°19-062
for Fe304 and CoFe;04 respectively), FezO4 and CoFe;04 could not be
discriminated. Nevertheless, EDX analysis shows atomic Co fraction of
15% for CS-9 and 19% for CS-14, respectively which agree with the
presence of a CoFeyO4 shell of about 1 nm and 1.5 nm thick,
respectively.

Cross-sectional images of catalytic layers of the CS-9 NPs drop-casted
on a silicon wafer are presented in Fig. 2. One may see that variation of
the catalyst loading from 0.63 to 63 pug.cm™ 2 results in an increase of the
layer thickness from ~10 nm (corresponding to 1-2 layers of the NPs) to
~200 nm. Irregularities in the layer thickness may be attributed to the
deposition method (drop-casting) and the fast evaporation of chloro-
form, the latter used as a solvent for suspending the NPs.

3.2. Electrochemical data

Fig. 3A and D present CVs for CS-9 and CS-14 NPs at different
loadings. On both types of NPs, the diminution of the loading results in a
diminution of the measured current. Tafel plots constructed from the
anodic part of the CV are shown in Fig. 3B and E. The Tafel slopes
(Table 1) are in agreement with the results obtained for similar com-
pounds in the literature [2]. In agreement with Chung et al. [9], an in-
crease of the loading leads to an increase of the Tafel slope that can be
caused by the ohmic drop built across the catalyst film. Thus, when the
loading increases, some zones of the catalytic layer become less involved
in the OER as they are not fully submitted to the applied potential.
Moreover, increase of the loading results in non-linear Tafel plots with
the Tafel slope increasing with the overpotential.

Although the current increases with increasing the catalyst loading,
this increase is not directly proportional to it. The mass-weighted ac-
tivity calculated by dividing the current at 1.67 V vs. RHE by the mass of
deposited NPs is constant up to a loading of about 5 pg.cm™2 but de-
creases at higher loadings (Fig. 3F). In an ideal case, if all of the NPs
within the catalyst layer are involved in the reaction, the mass-weighted
activity should be loading-independent. Here it is not the case, so in
agreement with the Tafel plots, these results are suggesting that the NPs
are not fully involved in the reaction when the loading is too high.

At high current density, the diminution of the activity with the
loading could be due to the formation of oxygen bubbles blocking access
of water to the surface sites. To rule out the possible influence of the 02
generation, we compared the activity vs. loading plots for two different
potentials, 1.62 V (Fig. S1) and 1.67 V (Fig. 3F). By seeing the same
trend for both potentials, we infer that the observed loss of activity at
high loadings is not related to the formation of O2 bubbles. It is also
instructive to analyze the activity vs. loading plot shown in Fig. 3F on
logarithmic scale. The slope of this plot for high loadings can give an
indication of the NPs involvement in the OER. Indeed, a slope of —1
would mean that an increase of the loading does not lead to an increase
in the measured OER current. For both CS-9 and CS-14 samples the slope
was estimated as — 0.91 at 1.67 V vs RHE and decreased down to — 0.81
at 1.62 V vs RHE. These values demonstrate that the NPs are becoming
less and less involved in the OER reaction while the loading increases,
and that this phenomenon aggravates with the increase of the electrode
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Fig. 1. (A) Diffractograms and (B, E) TEM micrographs of CS-9 (B) and CS-14 (E) NPs, (C, F) HR-TEM micrograph of CS-9 (C) and CS-14 (F). (D) Particle size

distributions of CS-9 and CS-14 NPs.
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Fig. 2. SEM image of a cross section of different loadings of CS-9 NPs drop-casted on a silicon wafer substrate.

potential.

In order to investigate the electrical properties of the catalytic layer,
the electrochemical impedance spectroscopy measurements were per-
formed for both types of NP at various loadings. The Nyquist plots
presented in Figs. 5 and 6 show that increase of the loading leads to an

increasing asymmetry at high frequencies. The latter could be linked to
an additional resistance in the catalytic layer that could either be of an
electronic or ionic nature.
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Fig. 3. (A, D) CVs and (B, E) corresponding Tafel plots for CS-14 (A, B) and CS-9 NPs (D, E) in 0.1 M NaOH at 10 mV. s ! scan rate and different catalyst loadings.
Dark colors are for high loadings and light ones for lower loadings. (C, F) Evolution of the Tafel slope and mass-weighted activity at 1.67 V vs RHE for CS-9 (green)

and CS-14 (red).

Table 1
Experimental Tafel slopes determined at 1.62 and 1.67 V vs. RHE as a function of
the loading for CS-9 and CS-14 NPs.

Sample  Loading (pg. Tafel slope at 1.62V (mV  Tafel slope at 1.67 V (mV

cm?) decade 1) decade 1)
CS-9 131 72+ 7 98+9

13.1 55+5 82+8

4.4 5445 80+8

2.2 4945 7347

1.3 60+6 757
CS-14 42.8 62+6 87+9

4.3 5245 74+7

1.4 62+6 7247

0.7 59+6 64+6

3.2. Modelling of the impedance data

In this work, two different models will be considered to fit the
impedance data: a simplified Randles circuit without Warburg element
and the transmission line model. As the Randles circuit (Fig. 4A) applies
to flat electrodes, it is well adapted when the catalyst layer deposited on
the electrode is very conductive and all the particles constituting the
layer are available for the reaction. Within this model the catalytic layer
is considered as homogeneous, in which the ohmic resistance (Rs, usu-
ally related to the electrolyte resistance) and the charge-transfer resis-
tance (Ry) do not vary across the film thickness.

-
B
cdx cdx cdx
dx L dx A dx e

= cdx
- 5

Fig. 4. Simplified Randles model (A) and transmission line model (B).

However, when the catalyst layer becomes thicker and/or when the
catalytic material is not sufficiently conductive to assure fast charge
transport across the layer, one can consider a distributed repartition of
the charge transfer at the catalyst/electrolyte interface and electro-
chemical capacitance within the layer thickness. The catalyst can then
be divided into several layers and the modelling can be done using a
transmission line model [21] (Fig. 4B). This model considers three
different parameters: an apparent resistance R;, which may comprise of
either the ionic or the electronic resistance or both, Ry the charge
transfer resistance, and Cs the capacitance. It has been developed for
porous polymer and electrocatalyst layers and can thus be applied to
porous catalyst films that present a certain resistivity (either ionic or
electronic). The equations used to fit the impedance data for the
simplified Randles model (1) and the transmission line model (2) are as
follows:

R,

Zpondles = ————+R; 1
Randles 1+]R2C3w+ 1)

1/2 1/2
_RiR: x coth ((ﬂ) [l + (ﬂ)] ) (2)
1+ (jﬂ) ()3 >

Wy

Zrransmission line =

The fitting was performed considering pure capacitance, that is a
constant phase element with « = 1. First, the Nyquist plots were fitted at
low loadings (~1 pg.cm™2) for which the Randles model was proven to
be applicable. This allowed the determination of R; (the total charge
transfer resistance) and C3 (the capacitance of about a monolayer of
NPs). Then, it was possible to fit the Nyquist plots obtained for higher
loadings, for which the Randles model was not appropriate, with the
transmission line model. The values of the different parameters used in
the impedance calculations are given below. Eqs. (3) to (7) were used to
calculate the different parameters of the impedance measurement with
the transmission line model: wy (3), oy (4), R; the ionic and electronic
resistance in the catalyst layer (5), Ry the charge transfer resistance of
the catalyst layer (6) and Cs the capacitance (7). L is the thickness of the
layer.

1
res RG

3)

wy =
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e 4

o I‘|C:(L2 R]C} ( )

Ri=nrxL ()
rn

R, = I (6)

CG=c XL (7)

With the transmission line model there were often several solutions
possible for the various parameters of the fit using the method of the
least squares. In order to select the right solution, we used the value
Rp=ry/L as an initial guess for the nonlinear least squares fitting process.
ro was estimated thanks to the fitting of the impedance data at low
electrocatalyst loading using the Randles model. Thus, among the
different possible solutions for the transmission line model, the one
presenting the closest Ry value to the one estimated from Eq. (6) as
initial conditions was then selected. The capacitance of the catalytic
layer C3 can also be determined thanks to this model. Fig. 5 presents
Nyquist plots for CS-9 and CS-14 fitted with the Randles model for low
loadings and the transmission line model for high loadings.

These results evidence that for low loadings (about one or two NP
monolayers), the Randles model fits the experimental results. However,
when the loading increases, the Randles model does not fit the experi-
mental results anymore and one has to adopt the transmission line
model that will consider the electronic and ionic resistance between the
catalyst layers (Fig. 6).

From these fittings it was possible to extract the value of R;, the
resistance (ionic and/or electronic) to the charge transport across the
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the OER current) and higher capacitance. Interestingly, the resistance to
the charge transport across the layer (R;) is higher for CS-14 compared
the CS-9 sample for similar loading. This is the reason why the EIS data
of the CS-14 sample at 4.4 ug cm ™2 are fitted with the transmission line
model, while the Randles model could be used for modeling the EIS data
of the CS-9 sample. The higher resistance in the layer comprised of CS-14
nanoparticles might be attributed to their higher amount of Co and thus
larger thickness of the non-conductive CoFe204 shell.

Fig. 7 shows the evolution of Ry and C3 as a function of the electrode
roughness factor defined here as the total surface of NPs (calculated
from their mean size determined through TEM measurements) and the
geometric surface on the GC electrode (cmszs.cmé'.gmode). From these
graphs it can be observed that for larger NPs (CS-14), the charge transfer
resistance Ry is lower than the one measured for small particles (CS-9).
This difference can be attributed to the larger fraction of Co in the CS-14
nanoparticles, which is involved in the OER active sites.

3.3. Simulations of linear sweep voltammograms

The EIS study revealed significant values of R;, the resistance to the
charge transport across the layer for high catalyst loadings. Using
various R; values it is also possible to model the linear sweep voltam-
mograms and their respective Tafel slopes for various R; values Fig. 8).
In order to perform these simulations, the Telegrapher’s equations [22]
adapted for this model (Egs. (8)-(10)) were used. Note that the
charge-transfer step is modelled as an exponent (see Eq. (9)) with the
transfer coefficient of 1 (in agreement with the 60 mV/decade Tafel
slope for thin NP films).

layer, of the charge transfer resistance (Rz) and the capacitance of the ov =R, x1I ®)
layer (C3). All these parameters are given in Table 2. ox
The results shown in Table 2 are demonstrating an influence of the ol ’ oV
layer thickness for loadings above 5 pg.cm_2 (which corresponds to F —V x ket 4 JjoCs — C;E 9)
10-20 NP monolayers). As expected the value of Ry decreases with the :
loading while R; and Cs increase, since a greater number of NPs leads to F\%
a higher overall rate of charge transfer across the interface (and hence i (10)
0 500 1000 1500 2000 0 250 500 750 0 100 200 300 400
2000 750
400
. 1500 - —~
E £ £
S 2 S 1.4ug.cm? S
10004 0.7 pg.cm o o 43 pgch
= E s € 200
N N g N
. . 250 .
500 4
400 200
£ w0 4.4 yg.cm? £ 2
o . j o -
\fs" Mg < 13.1ug.cm
N 200 NE 100
100 50
5 5 131.1 yg.cm?
0 500 1000 1500 2000 0 100 200 300 400 500 0 50 100 150 200 250
Z,a (0hm) Z o5 (0hm) Z,a (0hm)

Fig. 5. Experimental (black squares) and computed (solid lines) Nyquist plots for different loadings of NPs on the electrode modelled thanks to the simplified Randles
model for low loadings (left and middle) and the transmission line model (right) for high loadings on CS-14 (red) and CS-9 (green) NPs at 1.62 V vs RHE. The GC

electrode has a geometric surface of 0.196 cm?.
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and CS-14 (red) NPs. The surface area of the GC electrode is 0.196 cm?.

Table 2
R, Ry, and C; parameters obtained thanks to the fitting of the EIS spectra. The
geometric surface area of the GC electrode is 0.196 cm?,

Sample Loading (ug.cm~2) R, (ohm) R; (ohm) C; (uF)

CS-9 131.1 20+5 13174330 2790+700
13.1 144+36 191450 142+40
4.4 4374110 / 118+30
2.2 1090+270 / 46:+11
1.3 1690+420 / 22+5

CS-14 42.8 30+8 15754400 870+£220
4.3 304+75 293475 72420
1.4 679+170 / 46+11
0.7 1800+450 / 28+7

Eqs. (8)-(10) are the Telegraphers equations. V is the applied

voltage, C = 107 F the capacitance, I the current, k = 107° S, the
conductance associated to the reaction rate constant, T = 298 K the
temperature, R = 8.314 JK ! mol ! the ideal gas constant and F =
96,485 C. mol ! the Faraday constant.

These simulated linear sweep voltammetry curves exhibit a decrease
in the current when the R; value increases (Fig. 8A). Also, the Tafel plots

deviate from an ideal linear behavior and are becoming convex when the
R; increases (Fig. 8B). These observations agree with the experimental
data presented above. These results confirm that the catalytic activity
cannot be determined accurately for high loadings if the catalyst layer
presents resistance to charge transport across the layer. This resistance
may arise from an insufficient electronic conductivity of the catalytic
layer (poorly conducting catalyst particles or high contact resistance
between the catalytic particles) or, alternatively, from ionic resistance of
the electrolyte within the pores of the catalytic layer. Also, this high-
lights the impact of the loading on the Tafel slope, the latter being often
used for mechanistic interpretations. Indeed, these interpretations are
likely to be inaccurate for high loadings, notably for poorly conductive
catalysts and/or electrolytes of low conductivity.

The simulated currents normalized by the layer thickness in the
transmission line model were then plotted against the transmission line
length (L) for two different potentials (0.12 and 0.17 V) (Fig. 9). We note
that as the thickness increases (and thus the resistance across the layer,
R;, increases), the normalized current drops and the slope of the log I vs
log L changes with the applied potential from —0.68 at 0.12 V to —0.9 at
0.17 V. The overall trend and the simulated values are in reasonable
agreement with the experimental data presented above.



L. Royer et al.

%10‘3- ; :
S
8 10+ ¢t !
o $
O ¢ ¢
by
10% .

100
cm? )
NPs* electrode

1 10
Roughness (cm?

Electrochimica Acta 446 (2023) 141981

, : . .
b} ¢ €52
1000 ; ; } e CS-3|
3 ¢
= ¢
o)
o’ 100- t ]
t
{
i — : .
1 10 100

2 2
Roughness (cM<yps.CM™giectrode)

Fig. 7. Evolution of the capacitance C; (A) and the charge transfer resistance R, (B) as a function of the roughness of the catalytic layer defined as the total surface of
NPs (calculated from their mean size) and the geometric surface on the GC electrode (cm?yps.cmg%rode)- The geometric surface area of the GC electrode is 0.196 cm?.

A 05 : T
04+
0.3+

024

Current (mA/L)

0.1

00 T e e :
0.00 0.05 0.10 0.15 0.20 0.25 030

Potential (V)

w

0.25 -
0.20

0.15 -

0.10 -

Potential (V)

0.05 4

0.00 -

6 5 -4
log (i/L)

Fig. 8. Simulated linear sweep voltammetry curves (A) and their corresponding Tafel plots (B).

0.17V
<
=3x10°
£ 0.9
o
3 0.12V
®
N 10%; . i
£
s -0.68
pd
3x10% .
5 10 50 100

Transmission line length (a.u.)

Fig. 9. Simulated currents normalized by the number of elements at 0.12 and
0.17 V against the transmission line length in the transmission line model.

Finally, in Fig. 10 the current and the potential distribution inside the
catalytic layer have been plotted for a high value of R; = 1000 Q and for
different values of the high applied potential from 0 to 0.3 V. The in-
fluence of other values of R; on the potential distribution is displayed in
Fig. Sa.

Fig. 10 demonstrates that when the potential is increased above 0.1
V, it is applied in a very inhomogeneous manner within the catalyst

0.301
0.251
0.20
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0.05+
0.001 J
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Layer thickness (a.u.)

Potential (V)

Fig. 10. Simulation of the potential distribution within the catalyst layer for
various potentials applied on the working electrode and a R, resistance of
1000 Q.

layer. If the apparent R; resistance is primarily electronic, then the
highest potential is applied to the catalyst particles adjacent to the
substrate (GC in the experiment) decaying towards the exterior of the
catalyst layer. On the contrary, if the apparent R; resistance is primarily
ionic, then the highest potential is applied to the exterior of the catalyst
layer, facing the electrolyte, decaying towards the interior of the catalyst
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layer. As a result, the current generated due to the electrocatalytic re-
action will be the highest in the interior of the catalyst layer (electronic
resistance) or in the exterior of the catalyst layer (ionic resistance). This
confirms that at high loadings the NPs are not entirely involved in the
electrode reaction.

4. Conclusion

To conclude, in this work we studied the OER activity of two
different sizes of core-shell cobalt iron oxide NPs at different thickness of
the catalytic layer. For both types of NPs, it was observed that the
apparent activity of the NPs at a given potential strongly depends on the
layer’s thickness and that the Tafel plots deviate from linear and in-
crease with the loading from 60 to 80 mV/decade. It was concluded that
in order to measure accurately the activity of a catalyst, thin layers must
be used, notably for catalyst layers that are not highly conductive. The
activity decay can be attributed to either contact resistance between the
NPs or to the electrolyte resistance in the voids between the NPs. In
order to distinguish between these two alternatives, additional experi-
ments are required, notably with variable electrolyte conductivity.

In order to get a better understanding of the influence of the resis-
tance across the catalyst layer on the measured electrochemical char-
acteristics (mass-weighted activity and Tafel slope), impedance
spectroscopy measurements were performed. These measurements
revealed asymmetry of the Nyquist plots at high frequencies for high
loadings. Consequently, we used the transmission line model to extract
the apparent resistance (ionic and/or electronic) value from the fitting
of these impedance data and used the resistance value to simulate the
linear sweep voltammetry curves for various R; values. These simula-
tions agreed with the experimental data as for higher resistance the
normalized current was lower and the Tafel plots were deviating from an
ideal linear behavior, confirming that mechanistic interpretations of the
Tafel slopes are only accurate if the catalyst is highly conductive
(negligible resistance to the charge transport across the catalyst layer) or
if the loading on the electrode is low. Finally, the potential distribution
throughout the catalytic layer was also simulated and displayed an
exponential decay when the resistance was important, confirming that
the particles within the layer were not submitted to the same potential
and consequently that if the catalytic layer is too thick not all the par-
ticles will be equally involved in the electrocatalytic reaction.
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