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Abstract

In this study, conventional and dynamic electrochemical impedance spectroscopy
measurements (EIS and DEIS, respectively) were performed on Ir(111) single crystal electrode
and Ir nanoparticles supported onto high-surface area carbon in acidic electrolyte and different
potential ranges. We found that the EIS and DEIS results compare fairly well below the onset
of oxygen evolution reaction (OER). However, in the OER potential region, some differences
were observed between the information derived from these measurements. Cyclic voltammetry
and inductively-coupled plasma mass spectrometry experiments revealed that the long time
required by EIS cause chemical and structural changes of the Ir(111) surface and oxygen
evolution, thus adversely affecting the reliability of the impedance measurement. On the
contrary, the short time required for DEIS measurements help mitigating these negative effects,
thus highlighting the benefits of such technique to investigate the early stages of surface oxide

formation on Ir single crystals.

1. Introduction

The need to increase the energy production from renewable sources and their intermittent nature
currently boost the development of energy storage systems such as proton exchange membrane
water electrolysers (PEMWES) [1]. These systems are perceived as one of the most promising
technology currently available owing to the possibility of fast start-up, to operate with higher
efficiency at higher current density and to sustain larger current variations compared to alkaline

water electrolysers [2]. However, the sluggish oxygen evolution reaction (OER, anodic



reaction) kinetics and the poor stability of the anodic material still limit their widespread

development [3].

According to volcano plots established more than 30 years ago [4-7], iridium and ruthenium
oxides (IrO2 and RuO», respectively) are the most active electrocatalysts for the OER, but only
IrO2 can maintain high electrocatalytic activity on the long term due to the instability of RuO>
under the harsh operating conditions of a PEMWE anode (acidic pH, highly oxidizing
electrochemical potential and atmosphere) reaction conditions [8] [9]. Considering the low
abundance of iridium (Ir) on the Earth’s crust and its high cost [10], designing and synthesizing
tailored OER nanocatalysts is required to minimize the economic and geological constraints
associated with its use. Nevertheless, before switching to nanometer-sized catalysts, it is of
pivotal importance to understand how Ir surfaces electrochemically oxidize and to establish
structure-activity-stability relationships on atomically smooth surfaces such as Ir single crystals

[11].

To get answers to the questions, combining cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) techniques appears a promising strategy. However, there is an
obvious conflict between the stationary environment required for EIS measurements and the
well-known fact that metal surfaces oxidize, buckle, roughen — or even dissolve — under OER
conditions, thus questioning the suitability of this technique to the studying of the electrode-
electrolyte interface in this potential domain [12]. In the early 1970s Smith ez al. developed and
improved Fourier Transform (FT) methods [13—17]. Later, the introduction and optimization
of new algorithms [18-20] combined with Fast FT (FFT) methods led to the development of
FFT-EIS [13,21,22], and alternating current (AC) voltammetry [15,16,23,24]. An alternative to
frequency response acquisition with FT technique is the application of a stream of wavelets in
Hz-kHz frequency range, so-called potentiodynamic EIS or PDEIS [25-27]. More recently,

non-stationary electrochemical processes have been studied using this technique [21,28-30]. In
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the past few years, multisine signals have been added to this technique, allowing the
introduction of dynamic electrochemical impedance spectroscopy (DEIS) [31,32]. In a DEIS
measurement, a multisine signal, i.e. the sum of sinusoidal signals with different frequencies,
is superimposed onto a slow potential ramp and applied to the working electrode. Similar to
AC voltammetry, the signal is modulated but, in the latter, only a single sine is applied to the
electrode. In DEIS, both amplitudes and phases of the multisine signals are optimized in such
a way that the overall amplitude of the potential perturbation is small enough for linearity
requirements to be fulfilled, as described by Roy et al. [28] and Sacci and Harrington [31]. FFT
is subsequently applied to the current recorded during the experiment, in order to separate the
responses corresponding to each frequency component in the applied potential and thus monitor
the electrochemical impedance for each of these frequencies. The typical time required to
acquire a DEIS spectra is less than 1 second, which allows recording electrochemical
impedance under dynamic conditions. This technique has been used in corrosion science to
study the evolution of pitting processes [33,34] or to investigate the efficiency of corrosion
inhibitors [35]. More recently, DEIS has also been employed to unravel the degradation
mechanisms of proton-exchange membrane fuel cell (PEMFC) electrodes [36]. In particular,
DEIS proved efficient to monitor agglomeration of platinum nanoparticles and crystallite

growth.

Herein, we used a similar approach to get insights into the early stages of surface oxidation and
the OER mechanism on Ir(111) single crystal electrode and electrochemically activated Ir(111).
Impedance measurements were also performed on OER catalysts that are closer to real-life
application, such as Ir nanoparticles supported on carbon. Similarities and differences between
the EIS and DEIS results are rationalized using cyclic voltammetry and inductively-coupled

plasma mass spectrometry experiments.



2. Experimental

Single crystal electrode preparation

An Ir(111) single crystal provided by MaTecK (purity 99.999%, oriented to <0.1°, cylinder
with a diameter of 5 mm and a height of 4 mm) was used in this study. Before each experiment,
the Ir(111) surface was prepared by annealing in an oxygen-hydrogen flame at 2000°C, cooled
in an argon + 5% hydrogen (Ar + 5 % H») mixture and protected by a water droplet saturated
with this gas mixture. The electrode was then transferred to the electrochemical cell and put in
contact with the solution under potential control, at £ = +0.8 V vs. the reversible hydrogen

electrode (RHE). All potentials are referred to the RHE.

Synthesis of Ir/C nanoparticles

A colloidal suspension of Ir nanoparticles was synthesized using dihydrogen
hexachloroiridate (IV) hydrate (H2Clglr, xH20, 99 at. %, Alfa Aesar) and ethylene glycol (EG,
Rotipuran > 99.9%, Roth). A 6.95 gir L! solution was first prepared by dissolving H2Clelr,
xH>0 in Milli-Q grade water (Millipore, 18.2 MQ cm, total organic compounds <3 ppb). Then,
2.876 ml of this solution were added to 40 ml of EG and 20 ml deionized water under magnetic
stirring. The pH was adjusted to 12 by dropwise addition of a 0.5 M NaOH (Suprapur 99.99%,
Merck) solution diluted in 1:1 H>O:EG. The mixture was then heated under reflux and Ar
atmosphere at 160°C for 3 hours under constant magnetic stirring, and then allowed to cool
down at room temperature under air atmosphere and constant stirring. The second step of the
synthesis consisted of adding a high-surface area carbon support to the colloidal suspension. 80
mg of Vulcan XC72 (Cabot) was dispersed in 40 ml of 1:1 H,O:EG solution and added to the
colloidal suspension to obtain a nominal mass fraction of 20 wt.% Ir. The pH was then set to 3
by addition of a 0.5 M H2SO4 (Suprapur 96%, Merck) solution diluted in 1:1 H,O:EG. The

solution was stirred for 20 hours before being filtered, washed several times with deionized



water and dried in air at 110°C. Catalytic suspensions were made by mixing 1.8 ml of MQ-
grade water, 5.0 mg of catalyst powder, 723 ul of iPrOH and 27 ul of a 5.0 wt % Nafion solution
(Electrochem. Inc.). The inks were first sonicated in an ultrasonic bath for 10 min. A 10 pl
droplet of ink was deposited on the surface of the glassy carbon electrode (diameter 5 mm)
under an N> flux until complete evaporation of the solvents, leading to a targeted Ir loading of
20 pgir CMgeo 2.

Electrochemical measurements

Electrochemical experiments were carried out at room temperature in a cell made of Pyrex
glass. All glassware used in this study was initially cleaned with Caro’s acid (98% H2SO4 mixed
with 30% H>0O») and carefully rinsed with Milli-Q grade water (Millipore, 18.2 MQ cm, total
organic compounds <3 ppb). The working electrode was either Ir(111) single crystal or a glassy-
carbon tip coated with Ir nanoparticles (NPs) supported onto Vulcan XC 72 in fixed mode. The
single crystal was used in the hanging meniscus configuration, following the protocols
described in Refs. [37-39]. A platinum grid was used as the counter electrode. The reference
electrode was a freshly—prepared reversible hydrogen electrode (RHE) connected to the main
cell compartment by a Luggin capillary. All the potentials mentioned in this study are referred

to that of the RHE.

The electrolyte was a freshly prepared 0.05 M H>SO4 solution obtained by diluting Suprapur
96 wt. % H»SO4 (Merck) with Milli-Q water. The solution was degassed with Ar (Ar >99.999
%, Messer) before each experiment. Cyclic voltammetry and EIS measurements were realized
using an Autolab PGSTAT302N potentiostat. The DEIS measurements were performed using
the experimental setup presented elsewhere [36]. The ratio of the potential sweep rate (vp) on
the minimum frequency (fmin) Was vo/fmin = 2 mV (typically Fvo/RT << 27tfmin [31] where F, R

and T have their usual meaning) to minimize the parasitic effect of potential ramp on the ac



response at low frequency. We used the baseline correction implemented by Sacci et al. in Ref.

[32].

Before any EIS or DEIS measurement, five cyclic voltammograms (CVs) between 0.05 V
and 0.95 V at a sweep rate of 50 mV s”! were performed to control the cleanliness of the Ir(111)
single crystal surface. Between the control CVs and the EIS/DEIS measurements, the electrode
potential was maintained at 0.8 V. The EIS and DEIS measurements directly followed the
control CVs. EIS and DEIS measurements were also performed on an ‘electrochemically-
activated’” Ir(111) surface formed by cycling 15 times the potential between 0.05 to 1.60 V at
50 mV s’!. The same EIS and DEIS procedures were applied to Ir NPs supported on Vulcan
XC72 after an activation step composed of 100 CVs between 0.05 and 1.40 V at 500 mV s!
(leading to a stable electrochemical signature of the surface [40]).

The EIS measurements were performed from 0.05 V to 0.95 V at intervals of 20 mV in the
frequency range from 10 kHz to 10 mHz applying AC amplitude of 10 mVrwms. (Vrwms is the
square root of the mean square of the values for one period of the sinusoid). The frequency
range of the DEIS measurements was imposed by the sweep rate. It was ranging from 10 kHz
to 5 Hz and from 10 kHz to 2.5 Hz for CVs performed at 10 mV s or 5 mVs™!, respectively.
A homemade Matlab program based on the Levenberg-Marquardt algorithm [41] was used to

fit the EIS and DEIS data.

Inductively-coupled plasma mass spectrometry (ICP-MS) and X-ray photoelectron

spectroscopy (XPS) measurements

Aliquots of the electrolyte after EIS and DEIS measurements were analyzed using a
PerkinElmer NexION 2000 ICP-MS (PerkinElmer, Inc., Waltham, Massachussetts, USA). A 5
ug L' solution of '*In was used as internal standard for detection of '*Ir. 5 standard solutions

were prepared with the following concentrations of Ir: 0.01, 0.05, 0.1, 0.2, 0.5 ug L' 1.



XPS analyses were also performed on as-prepared and electrochemically-activated Ir(111)
electrode using a Thermo Scientific K-alpha spectrometer with a monochromatized Al X-ray
source (hV = 1486.6 eV; spot size = 400 um). Pass energies of 30 and 100 eV were used to
record the core level and the survey spectra, respectively. All spectra were acquired using an
electron flood gun to compensate possible positive charge accumulation during measurements.

The obtained spectra were fitted using Thermo Scientific™ Advantage Software.

3. Results and discussion

EIS and DEIS measurements were performed in two different potential regions: from 0.05 V to
0.95 V or from 0.05 V to 1.45V on as-prepared (fresh) Ir(111) and on ‘electrochemically-
activated” Ir(111) single crystal electrodes, respectively. In the first potential region, only
adsorption reactions occur, [42] thus establishing the relevance of the DEIS measurements. In
the potential region ranging from 1.45 V to 1.60 V, oxygen evolution rendered EIS
measurements challenging due to the formation of gas bubbles, and chemical, morphological
and structural changes of the electrode surface [43,44]. We will show that DEIS measurements

do not suffer from these limitations.

3.1.Potentials below oxygen evolution

3.1.1. As-prepared Ir(111) single crystal electrode (0.05 < E < 0.95V)

We first compare the results of the EIS and DEIS measurements in the potential region 0.05 <
E <0.95 V. After the preparation of the Ir(111) single crystal, CVs between 0.05 V and 0.95 V
at a sweep rate of 50 mV s! were performed to control the cleanliness of the surface. The
features displayed in Figure 1a are similar to those reported in previous works [38,45-47]. The
peaks related to adsorption/desorption of under-potentially-deposited hydrogen are observed at

0.075/0.095 V, respectively. The double layer region ranges from 0.2 to 0.95 V. Given the



strong surface sensitivity of CVs to the surface state of the electrode, no change of the CV
features during potential cycling indicates that the electrode surface is stable in this potential
domain. Following these control CVs, EIS and DEIS measurements were performed at 0.05,
0.25, 0.45, 0.65, 0.85 and 0.95 V and from 0.05 to 0.95 V at 10 mV s, respectively. The data
obtained are represented in Figure 1b and Figure 1c and in Figure 1d and Figure 1e in the

Nyquist plot and in the Bode modulus representations, respectively.

Figure 1

As evidenced by Figure 1, similar impedance spectra were obtained using EIS and DEIS: these
are composed of vertical lines in Nyquist representation. In the Bode representation, two
asymptotes, one nearly equal to O at high frequencies and the second a straight line with a
negative slope at low frequencies, associated to a capacitive behavior, are shown. The
agreement between the DEIS and EIS suggest that the DEIS technique reliably monitors

impedance spectra on Ir(111) single crystal electrode.

In the potential region 0.05 < E < 0.95 V, only adsorption (e.g. sulfate anions) [Eq. (1)] or

electrosorption (e.g. H-UPD) [Eq. (2)] reactions take place:

A+s— As (1)
H*+s+e <« H,s 2)

where s is an adsorption site and A,s or H,s are adsorbed species.

In the case of an ideally polarizable interface (i.e. the electrode is not subject to Faradaic
reaction), the electrode impedance results from the series association of the double-layer
capacitance and the electrolyte resistance. On the other hand, the impedance for electrosorption

reactions can be modeled by a capacitance (Cads) in series with a charge transfer resistance (Rc)
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representing the kinetic of the adsorption. The double-layer charging is associated with a single
capacitance (Cq) in parallel to the adsorption. Finally, a resistance (Rer) is added in series for

the electrolyte Ohmic drop. The expression of the impedance (Z) is then [48]:

Z(p) = Ra+ —— 3)

I?Qiﬁm
with Z; the Faradaic impedance and p Laplace variable

Zf(p) =Ro+ 1/PCads “4)

Indeed, if the kinetics of electrosorption is too fast versus the probing tool, it cannot be
estimated and the associated transfer resistance become negligible [49]. In that case, the
Equation 3 simplifies as:
Z(p) = Ra+ 1/pC; (5)

where Ci= Cuds + Cal

Since only one time constant is observable in the Bode plots (Figure 1d and Figure 1e), this
indicates that the charge transfer resistance of electrosorption cannot be estimated in the present
experimental conditions. Therefore, we will later only use Equation 5 to fit data at each EIS
measurement’s potential. For DEIS experiments, although the potential is continuously
scanned, the scan rate is low enough, compared to minimum frequency (see experimental [31])

to consider that the system is at steady state and the fit procedure is used.

As shown by Figure 1b and Figure 1c, due to the small deviation from a perfect vertical line,
it was not possible to fit properly the measured data with Equation 5. A non-ideal capacitance,
also called Constant Phase Element (CPE) (Zcpe =1/Q(jw)* where j = (-1)? here, Qis the CPE
capacitance parameter and o the CPE exponent) was thus used instead of the ideal capacitance
predicted by the theory. Several explanations have been suggested to justify this non-ideal

behavior, such as the presence of traces of chemical impurities in the solution [50] or local
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variations of the impedance resulting from the hanging meniscus configuration used in the

electrochemical experiments [50,51].

Figure 2

As shown in Figure 2¢, an excellent agreement was obtained between the theoretical and the

experimental results. Note that, for the sake of clarity, the data are presented in the complex

capacitance representation, where C = ](%Z By applying this model to the entire series of DEIS

measurements, the values of Q and a could be extracted for all the electrode potentials. The
obtained CPE exponent values, plotted in Figure 2b, are close to 1 except for the under-
potentially adsorbed hydrogen desorption region, validating the nearly capacitive behavior. An

equivalent capacitance was calculated from the Q formula proposed by Brug et al. [52].

C=Qi R, ©

Figure 2d also outlines the good consistency between the calculated capacitances from the EIS
and DEIS spectra (using Equation 6) and the capacitances extracted from the typical CV of the

as-prepared Ir(111) electrode using Equation 7:

C=L (7)

Vb

where v, is the potential sweep rate.
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Hence, in summary, the results presented in this section show that DEIS can be used to

determine the impedance of the electrochemical system under consideration.

3.1.2. Electrochemically-activated Ir(111) electrode (0.05 < E < 1.45V)

The same series of experiments were performed on an ‘electrochemically-activated’ Ir(111)
electrode prepared by sweeping the potential of the as-prepared Ir(111) electrode 15 times at
50 mV s! between 0.05 to 1.60 V. The electrochemical activation protocol is aimed at forming
an oxy-hydroxide layer that is more active than metallic iridium towards the OER [44,53]. It is
documented in the literature [54—57] that potential cycling above 1.4 V leads to the growth of
an oxide film [54,58]. In this study, sweeping the electrode potential up to 1.6 V resulted in a
more active but also more stable surface state relative to Ir(111) in agreement with literature
[59]. The Ir4f spectra measured on the fresh and ‘electrochemically-activated’ Ir(111) surfaces
are displayed in Figure 3. The XPS spectrum on the fresh Ir(111) surface features on
contribution 60.9 eV and another at 63.9 eV associated to metallic iridium [55,60]. These peaks
are shifted by ca. 0.3 eV (61.2 eV) and a small shoulder emerges at 62 eV thus reflecting the
presence of Ir(IV) [60-63] on electrochemically-activated Ir(111) surface (a poorer fit was

obtained upon including an Ir(IIT) component).

Figure 3

Figure 4a displays the CV of the ‘electrochemically-activated’ Ir(111) electrode. Compared to
the CV recorded on the as-prepared Ir(111) (Figure 1a), broader hydrogen

adsorption/desorption peaks and higher current associated to the pseudo-capacitance of the oxy-
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hydroxide layers were observed. Moreover, new redox peaks emerged at ca. 0.95 V associated
to the transition from Ir(Ill) to Ir(IV) [62,64—66]. A small peak, more pronounced on the
reduction part of the curve and overlapping with the beginning of the OER, at ca. 1.45 V
developed upon potential cycling. According to literature, this pair of peaks may be ascribed to
the oxidation of Ir(IV) to Ir(V/VI) [64,66,67] but a recent study from Pfeifer ez al. [68] attributes
this peak to the oxidation of O(II-) species present in the iridium oxide layer to O(I-) species

contained in the adsorbed OH species.

After electrochemical activation, the electrode potential was swept back to 0.05 V and EIS
measurements were recorded every 20 mV up to 1.45 V. The preparation protocol was repeated
to perform DEIS measurements from 0.05 to 1.45 V at 10 mV s™\. The Nyquist representation
of the DEIS data obtained at 0.65 and 1.25 V are shown in Figure 4b and Figure 4c,
respectively. Similar to what was observed on the as-prepared Ir(111) electrode, and in
agreement with theoretical expectations, vertical lines associated with a pure capacitive
behavior were obtained. Note that, due to the hanging meniscus configuration, the value of the
high-frequency resistance was found higher than the predicted electrolyte resistance [69] (Rel
theoretical = 7.25 € cm?). Nevertheless, the similar high-frequency resistance determined by EIS
and DEIS measurements validate the DEIS protocol. However, the non-negligible gain of time
provided by the DEIS opens the way to impedance measurements in non-steady-state

conditions.

Figure 4
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3.2.Potentials above the oxygen evolution (1.45V < E < 1.60V)

The second part of this study focuses on the potential region comprised between 1.45 V to
1.60 V, a potential region in which the Ir(111) surface oxidizes very quickly (similar to what
was found for 0.05 V < E < 1.45 V). In addition, the Ir(111) surface can dissolve
electrochemically and the OER takes place in this potential domian, [43,44] thus rendering EIS
measurements highly challenging (no steady-state is achieved). We will show that DEIS is an
appropriate technique to obtain information about the electrode | electrolyte interface while

avoiding problems linked to these transient phenomena.

3.2.1. As-prepared Ir(111) single crystal electrode

Figure Sc displays the LSV recorded on the as-prepared Ir(111) electrode during potential
cycling between 1.45 and 1.60 V. We first remark an increase of the geometrical current density
at potentials located above 1.47 V, thus signing the onset of a new Faradaic process. Although
this potential is very close to the thermoneutral voltage of the OER, we notice that such increase
may also correspond to the O(II-)/O(I-) redox couple [70] or to the dissolution of Ir atoms [71].
Impedance measurements were performed from 1.45 to 1.60 V with a step increase of 5 mV for
each EIS measurement and with a potential sweep rate of 5 mV s’ for DEIS measurements.
The results are plotted in the Nyquist representation in Figure S5a, Sb, 5d and Se. The
appearance of a semi-circle in DEIS and EIS measurements in the potential region 1.45 < E <
1.50 V vs. RHE confirms that a charge transfer process (electrosorption-desorption reaction in
this case) takes place at the electrode surface. This semi-circle becomes more pronounced at E

> 1.55 V in agreement with the increase of the current density shown in Figure Sc.

Figure 5
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In contrast to the former case (0.05 V < E < 1.45 V), significant differences emerge from the
comparison of the EIS and DEIS data. Based on the expression of the impedance for an
electrosorption-desorption process [48,72], this can be rationalized assuming different surface
coverages or concentrations of species at the interface, which result from the large time required
for EIS measurements (ca. 5 min). Figure 6a shows the current—time transients recorded during
stepping the potential from 0.8 V to 1.4, 1.5 or 1.6 V, thus simulating the potential variations
during EIS measurements. For E < 1.50 V, a fast rise in current is observed, then the current
decays reaching a value close to 0 mA cm. In contrast, at E = 1.60 V, after a fast decrease
(~3 s), a current maximum is observed after which the current stabilizes around 1 mA cm™.
Based on the work of Ozer et al. [59], the electrode surface is believed to roughen in these
potential conditions. This atomic roughening enhances the intrinsic OER activity of Ir(111),
and may account partially for the gain in OER current. The progressive oxidation of non-
stoichiometric Ir-O species, hydroxy-groups and water molecules of the topmost and near-
surface layers formed at the beginning of the OER in the experimental conditions of EIS
measurements may also account for the observed catalytic trend [73], as well as the oxidation

of oxygen from O(II-) to O(I-) species [68].

Figure 6b compares the CVs recorded on the as-prepared Ir(111) electrode before and after the
EIS (dashed black line) or the DEIS (plain red line) measurements (note that the potential was
swept negatively after the (D)EIS measurements). We first remark that the underpotentially-
adsorbed/desorbed hydrogen features are strongly distorted, and their intensity is depreciated
after the EIS measurement, thus confirming buckling and atomic roughening of the electrode
surface. Due to the shorter acquisition time (ca. 40 s for this potential range), these phenomena
are less pronounced after the DEIS measurement. Furthermore, the higher double-layer current
observed after the EIS measurement suggests that the growth of the hydrous oxide layer on

Ir(111) was much less important during the DEIS measurement. An oxygen reduction reaction
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(ORR) current also manifests in the negative-going potential scan recorded after the DEIS or
the EIS measurements. Here again, the ORR current is less pronounced after the DEIS

measurement, and this is in line with the shorter time required associated with the measurement.

Finally, Figure 6¢ shows that the as prepared Ir(111) surface is much more active toward the
OER after the EIS relative to after the DEIS measurement. This agrees with the non-monotonic
dependence of the OER activity as a function of time recently reported by Li et al. [73] and
others [59], and again should be associated with continuous growth of an oxy-hydroxide film
on the metal surface. The enhanced OER activity of the Ir(111) electrode after the EIS
measurement thus confirms that the electrode surface was in average more oxidized after the
EIS measurement than after the DEIS measurement [68,74]. The large differences of the
voltammograms recorded in the OER region before and after EIS and DEIS measurements on
as-prepared Ir(111) and electrochemically-activated Ir(111), represented in Figure 6¢ and
Figure 6d, support these hypotheses. In contrast, almost no difference in OER activity can be
noticed after EIS and DEIS measurements on the electrochemically-activated Ir(111) electrode
because a more stable surface state was previously achieved during the potential cycling

protocol (Figure 6d).

Figure 6

In summary, thanks to its faster acquisition process, the DEIS technique proved capable to
dynamically measure the electrochemical impedance of metallic Ir single crystal with only
minimal changes of the electrode structure and chemistry (mild oxidation of the surface). In

contrast, the long acquisition time required for EIS measurements leads to important changes
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in the structure and the chemistry of the single crystal surface due to the formation of an oxy-

hydroxide film and the early stages of the OER.

3.2.2. Electrochemically-activated Ir(111) electrode

To confirm our claims, a fresh Ir(111) electrode was electrochemically-activated using the
protocol discussed previously. Impedance measurements were then performed from 1.45 to
1.60 V with a step increase of 5 mV (EIS measurements) and with a potential sweep rate of 5
mV s! (DEIS measurements). The linear sweep voltammogram mimicking the applied
potential variations during DEIS measurements is displayed in Figure 7¢. Similar to what was
observed on the as-prepared Ir(111) electrode, a nearly 2-fold enhancement of the OER activity
was monitored on the electrochemically-activated Ir(111) electrode relative to the as-prepared
Ir(111) electrode, in agreement with literature [59,75]. Figure 7a, Figure 7b, Figure 7d and
Figure 7e show that the Nyquist plots are composed of a semi-circle arc with a frequency shift
as the electrode potential is increased. Due to the minimum frequency used in this work, fmin =
2.5 Hz, only the high-frequency part (bent line) of the semi-circle graph is observed at the lower
electrode potentials (Figure 7a and Figure 7d). We, however, notice a decrease in the
impedance values measured on ‘electrochemically-activated’ Ir(111) electrode compared to as-
prepared Ir(111) that is consistent with the higher OER activity of the ‘electrochemically-aged’
Ir(111) electrode in comparison with as-prepared Ir(111). Unlike what was observed on as-
prepared Ir(111) electrode in this potential range, the results of the DEIS and EIS data are nearly
similar. Figure 6d confirms this similarity by exhibiting identical CVs before and after the EIS
measurements. These findings agree with previous reports pointing toward less pronounced
changes of the OER activity for electrochemically oxidized Ir electrodes compared to metallic

Ir electrodes upon polarization in the OER potential region [43,59].

Figure 7
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To get insights into the chemical changes occurring on the Ir electrodes during EIS or DEIS
measurements, ICP-MS measurements were performed on electrolytes used for the impedance
experiments on as-prepared Ir(111) and ‘electrochemically-activated’ Ir(111) electrodes. In
agreement with all the above, whatever the nature of the electrode, lower Ir concentration was
found after DEIS compared to EIS measurements (Table 1). Nevertheless, it is noteworthy that
higher Ir concentrations were monitored on the ‘electrochemically-activated’ Ir(111) electrode
in comparison to the as-prepared Ir(111) electrode. This trend confirms former literature reports
[44] and can be rationalized by considering the presence of unstable Ir-species and lattice
defects in the oxy-hydroxide layer as well the higher surface area of the electrochemically-

activated Ir(111) electrode [67,76].

Table 1

Combined with the CV results, the ICP-MS measurements thus confirm that lower chemical
and structural changes of the single crystal surface were observed during the DEIS
measurement, corroborating the interest of DEIS to perform impedance measurements in the

OER region.

3.2.3. Ir nanoparticles supported on high surface area carbon

Finally, for the sake of generalizing our findings to real-life OER catalysts, we extended our
approach to Ir nanoparticles supported on high surface area carbon (Ir/C) synthetized by a
modified polyol method (note that similar results were obtained on Ir nanoparticles supported
on antimony-doped tin oxide, not shown). Figure 8 shows that the EIS (on the left side) and

DEIS (on the right side) spectra recorded on Ir/C resemble those obtained on as-prepared
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Ir(111) and electrochemically-activated Ir(111) electrode at low frequencies, starting from a
bent line to semi-circles. In the high frequency region of both spectra, we however noticed a
change of diagram shape attributed to the porosity of both carbon support and Ir NPs. The data
at potentials above 1.50 V were fitted using the model of porous electrode proposed by Meyers
et al. [77] in the case where the solid conductivity is very large compared to the electrolyte

conductivity (Equation 8).

Z(p)=A Zloc(p)l/ 2 Coth(B/Zloc(p)” 2) (8)
. 1 12
with A = — and B = L(Sy/Kn)
S(SpKm)

where § is the geometric surface of the electrode, S, is the electroactive surface of the pores per
unit volume, K,, the conductivity of the electrolyte filled with bubbles in the pores, L the

thickness of the porous layer and Zio the local impedance at the pores surface.

The expression of the local impedance Zio is in this case (Equation 9):

Zioc(p) = Ret I(1 + (z p)*) )

with 7 = (Ret Qui)"*

The result of the fit obtained at 1.6 V for EIS data is presented in Figure 8c, indicating a good
adequacy between the model used and the experimental data. An increase in the high-frequency
resistance with potential is apparent in the impedance-plane plots, which we associate with the
presence of oxygen bubbles at the interface [78]. This issue was clearly avoided when the DEIS

technique was used.

Figure 8
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3.3. Comparison of Tafel slopes derived from EIS/DEIS measurements and OER

polarization curves

In Figure 9, we tentatively fitted the different sets of data obtained in the OER region using the
equivalent circuit based on a charge-transfer reaction with double-layer charging and Ohmic
potential drop (Figure 9a). One example of fit is shown in Figure 9b. The EIS/DEIS spectra
feature only one semi-circle in the frequency range explored (f > 2.5 Hz), thus preventing
getting insights on the OER mechanism, as well as discriminating between several possible

reaction pathways.

Figure 9

The OER polarization curves of as-prepared Ir(111) and electrochemically-activated Ir(111)
electrodes are shown in Figure 9c¢ (note that the current was corrected from the Ohmic drop a
posteriori). At low potentials, between 1.50 V and 1.60 V for as-prepared Ir(111) and between
1.48 V and 1.55 V for ‘electrochemically-activated’ Ir(111) electrodes, the Tafel slope
approaches 46 mV dec’!. At higher electrode potential, the Tafel slopes change, pointing toward

a possible change of the rate determining step of the OER mechanism.

Figure 9d displays the reciprocal of the charge transfer resistance obtained by fitting the EIS
and DEIS spectra as a function of the electrode potential. A linear behavior was observed. The
Tafel slopes determined from the OER polarization curves in the low current density region and
calculated from the EIS and DEIS spectra are shown in Table 2. In general, a good agreement
was obtained between the values derived from OER polarization curves and the DEIS
measurements, but higher Tafel slopes were obtained from EIS measurements. Based on the
calculations described above, the higher Tafel slopes values obtained by EIS may be

rationalized by considering that the surface was more strongly oxidized in these experimental
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conditions (higher oxygen coverage at the surface during the measurement [48], which can be

seen in Figure 6b as well).

Whereas stationary impedance spectra featured an increased series resistance due to bubble
formation at the Ir nanoparticles, the series resistance in the impedance data collected through
DEIS were not affected. This indicates that the DEIS data were in general less affected by gas
evolution. The shorter collection time will mitigate any adverse effects on the analysis from the
presence of gas at and in the vicinity of the electrode. Tafel slopes calculated from the apparent
charge-transfer from the DEIS data increase at high currents in a similar fashion as the Tafel
slope from the polarization curve. We thus concluded that the higher Tafel slope at high current
density is related to the OER mechanism and not to the formation of oxygen bubbles. Indeed,
it is well-established that the OER involves multiple reaction steps. Several OER mechanisms
have been proposed in the 1950-1960s by Bockris [79] and Krasil'shchikov [80] They are all
based on an electrosorption step followed by other steps which might be a combination, or other
electrosorption/desorption steps [81]. The theoretical Tafel slopes for the ‘oxide-path’ and
‘electrochemical-oxide’ paths are presented in Table 2. The Tafel slopes obtained from OER
polarization curves seem to advocate for the electrochemical path, the rate-determining step
being the second step at low current densities. In contrast, the Tafel slopes obtained by DEIS
were in favor of the oxide path, the rate-determining step being one of the two chemical steps.
The ca. 20 mV difference between the measured values renders any quantitative interpretation
risky, if experimental incertitude and data dispersion are taken into account. These differences
in Tafel slopes are also a consequence of different dissolution mechanisms [44,67,75,76], since
this experiment cannot deconvolute dissolution of Ir from OER. Furthermore, for both
mechanisms, when the first step becomes rate-determining, the Tafel coefficient increases to
119 mV dec’!. This trend is clearly visible at higher current densities on Figure 9¢ and was

already reported by others [82].

21



Table 2

4. Conclusions

In this study, impedance spectra were measured by conventional and dynamic impedance
spectroscopy (EIS and DEIS, respectively) on as-prepared Ir(111), ‘electrochemically-
activated’ Ir(111) and Ir nanoparticles supported onto high surface area carbon. The EIS and
DEIS results were comparable but DEIS allowed an important gain of time with respect to
conventional EIS. DEIS technique also revealed as powerful tool to study dynamic (transient)
systems and circumvent some limitations of EIS. We demonstrated this by investigating oxygen
evolution reaction (OER) on a freshly prepared Ir(111) electrode. In OER conditions, the Ir
surface undergoes structural (formation of surface defects, buckling and roughening of the
crystalline surface) and chemical (surface oxidation and Ir dissolution) changes. The presence
of oxygen bubbles that form and detach adds another difficulty to EIS measurements. Thanks
to DEIS, a more accurate picture of the phenomena occurring at the Ir(111) electrode |
electrolyte interface was achieved. While the EIS and DEIS signature were similar for both as-
prepared and electrochemically-activated Ir(111) electrodes at low electrode potentials, only
DEIS proved capable to capture the evolution of electrochemical impedance of the Ir(111)
surface in OER conditions while minimizing the structural and chemical changes occurring at
high potentials. Thanks to the shorter collection time of DEIS, any adverse effect of the presence
of gas at and in the vicinity of the electrode was mitigated. Nearly similar values for the Tafel
slopes were obtained by DEIS and polarization curves, demonstrating that this technique can

be accurately used in transient conditions.
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Figure 1. (a) Cyclic voltammogram of as-prepared Ir(111) electrode in 0.05 M H2SO4 (potential
sweep rate = 50 mV s!). Red crosses display the potential at which EIS measurements were
performed. (b and c) Nyquist plots recorded at 0.45 V and 0.85 V vs. RHE, respectively. (d and
e) Bode plots recorded at 0.45 V and 0.85 V vs. RHE, respectively. Frequency range 10 kHz -
5 Hz. (0) and (+) symbols represent DEIS and EIS traces, respectively. Note that a fresh Ir(111)

electrode was used for each EIS measurement.
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Figure 2. (a) Schematic representation of the equivalent circuit used to fit the impedance data
on as-prepared Ir(111). (b) Constant-phase element exponent as a function of the electrode
potential. (c) Complex capacitance representation at 0.85 V vs. RHE (d) Capacitances

calculated from the CVs with Eq. 7 from the fit of EIS and DEIS data with Eq. 6, as a fonction

of the electrode potential
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Figure 3. X-ray photoelectron spectra (Ir4f level) of fresh Ir(111) and electrochemically-

activated Ir(111).
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Figure 4. (a) Cyclic voltammogram of ‘electrochemically-activated’” Ir(111) in 0.05 M H>SO4
(potential sweep rate = 50 mV s'). Red crosses indicate the potential at which EIS
measurements were performed. (b and ¢) Nyquist plots recorded at 0.65 V and 1.25 V vs. RHE,
respectively. (d and e) Bode plots recorded at 0.65 V and 1.25 V vs. RHE, respectively.
Frequency range 10 kHz - 5 Hz. (0) and (+) symbols represent DEIS and EIS data, respectively.

Note that an ‘electrochemicaly-activated’ Ir(111) electrode was used for each EIS

measurement.
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Figure 5. (c) Linear sweep voltammogram of as-prepared Ir(111) in 0.05 M H2SOs (potential
sweep rate = 5 mV s'). Red crosses display the potential at which EIS measurements were
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Figure 6. (a) Chronoamperometry recorded on as-prepared Ir(111) recorded at different

electrode potentials. Each potential was held for 2 min. (b) Cyclic voltammograms of as-

prepared Ir(111) electrode after EIS and DEIS measurements, respectively (potential sweep rate

=50mV s!, 0.05 M H>SOu4) (c) Linear sweep voltammograms of as-prepared Ir(111) electrode

before and after EIS and DEIS measurements (potential sweep rate = 50 mV s, 0.05 M H>SO4)

(d) Linear sweep voltammograms of electrochemically-activated Ir(111) before and after EIS

and DEIS measurements (potential sweep rate = 50 mV s, 0.05 M H>SO4) Note that the current

density is reported to the geometric surface area and not to the active surface area which changes

over time.
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Figure 7. (c) Linear sweep voltammogram of electrochemically-activated Ir(111) in 0.05M
H,SO4 at 5 mV s’'. Red crosses display the potential at which EIS measurements were
performed. (d,a,e,c) Nyquist plots recorded at 1.45 V, 1.50, 1.55 and 1.60 V vs. RHE,
respectively. Frequency range 10 kHz — 2.5 Hz. (0) and (+) symbols represent DEIS and EIS

traces, respectively. Red dots indicates 45 Hz.
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Figure 8. Nyquist plots recorded on Ir nanoparticles supported on Vulcan XC72 at different

electrode potentials with (a) EIS and (b) DEIS. Frequency range 10 kHz — 2.5 Hz. (c) Nyquist

plot at 1.60 V vs. RHE.
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Figure 9. (a) Schematic representation of the equivalent circuit used to fit the data. (b) Nyquist
plot at 1.60 V vs. RHE. (c) Polarisation curves of as-prepared Ir(111) and electrochemically-

activated Ir(111) at 1 mV s'L. (d) Reciprocal of charge transfer resistance obtained by fitting the

EIS and DEIS graphs vs potential.



Table 1. Ir concentrations measured by ICP-MS in electrolytes after EIS and DEIS

measurements on as-prepared Ir(111) and ‘electrochemically-activated’ Ir(111) electrodes.

As-prepared Ir(111) Electrochemically-activated Ir(111)

EIS 0.198 £7.103 pg L 0.361 £0.02 ug L

DEIS 0.076+3.10% ug L 0.278 £0.01 ug L'




Table 2. Tafel slopes obtained from the polarization curve at low current densities and

calculated from the charge transfer resistance obtained from the EIS/DEIS fits.

Polarization curves (low current
Tafel coefficients EIS DEIS
densities)

75 mV 60 mV

As-prepared Ir(111) 46 mV dec!
dec’! dec’!
Electrochemically-activated 8 mV 56 mV
46 mV dec’!
Ir(111) dec™! dec™!

Theoretical value

Electrochemical oxide path
40 mV dec'/24 mV dec’!

(rds: 2™  electrochemical

step/chemical step)

Theoretical value

Oxide path 60 mV dec’!

(rds: chemical steps)






