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A B S T R A C T   

Charge transfer reactions in electrodeposited iridium oxide films (EIROF) are investigated by means of operando 
energy dispersive X-ray absorption spectroscopy (EDXAS), where oxidation and reduction conditions are selected 
to drive the Ir(III)/Ir(IV) and Ir(IV)/Ir(V) reactions in acidic solutions. The Ir(III)/Ir(IV) couple is related to a 
well-known electrochromic phenomenon, while the Ir(IV)/Ir(V) couple might play an important role in the 
catalysis of the oxygen evolution reactions (OER). In the experiments, current intensity and time-resolved X-ray 
absorption spectroscopy (XAS) are simultaneously recorded upon application of appropriate potential steps, 
leading to the independent determination of both the relevant reaction rates and the rate-determining steps. This 
is allowed by the fast acquisition time (~10− 2 s) at the ESRF Energy Dispersive XAS (EDXAS) ID24 beam-line, in 
combination with the highly hydrated amorphous iridium oxide electrode material, which in turn allows to 
maximize the fraction of Ir sites participating in the electrochemical processes. If the experimental conditions 
exclude the possibility of having either oxygen evolution (or reduction), the Degree of Reaction (DoR), deter-
mined by both electrochemistry and XAS, exhibits exponential time dependence, clearly pointing to diffusion- 
controlled processes. Vice versa, under concomitant OER + oxidation of iridium centers or ORR + iridium 
reduction, the electrochemical and XAS DoRs highlight different phenomena, providing fully complementary 
information of the ongoing electrode reactions. In all cases, data elaboration allows to determine the diffusion 
coefficient of H+ ions within the catalyst layer, that is compared and confirmed by data obtained by electro-
chemical impedance spectroscopy (EIS). The high values of D obtained for EIROF is compared to values obtained 
on other IrO2 materials can help in explaining the relevant high electrocatalytic activity.   

1. Introduction 

Highly hydrated iridium oxide films (namely, electrodeposited 
iridium oxide films, EIROFs) have been often adopted in the studies 
devoted to the disclosure of the OER mechanism, both in electro-
chemical [1,2] and photo-electrochemical water splitting [3,4] as well 
as for super-capacitors and pH sensors [5]. Iridium oxide is the bench-
mark for OER in both acidic and alkaline solutions [6–11], for the ox-
ygen reduction reaction (ORR) [12], and is one of the most used anode 
materials in the electrochemical industrial processes [13–15], like 
cathodic protection [16] and metal electro-winning [17]. 

EIROF [18,19] represent one of the best playground for combined 
spectro-electrochemical investigations, thanks to their high degree of 
hydration which favors ion intercalation/deintercalation(e.g. H+, OH− ). 
This determines the availability of a high concentration of easy acces-
sible electrochemically active sites: all the Ir present in the layer is 
electrochemically active [20]. Moreover, highly defective, amorphous 
electrochemical oxides (including EIROFs) shows a remarkable activity, 
accompanied by a reduced stability compared to thermally-prepared 
IrO2 electrodes [21–23]. 

EIROF, and in general, oxide electrodes under OER undergo solid- 
state redox processes according to the sequence “higher valence oxide 
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formation/higher valence oxide decomposition”, as described by re-
actions (1) and (2): 

Higher valence oxide formation: 

MOx + H2O→MOx+1 + 2H++ 2e− (1) 

Higher valence oxide decomposition: 

MOx+1→MOx +
1
2
O2 (2) 

Note that reaction (1) is a specific version of the so-called generalized 
pseudo-capacitive reaction (3): 

MOx(OH)y+δH+(solution)+δe− (oxide)⇄MOx− δ(OH)y+δ (3) 

In the case of iridium oxide, reaction (3) has been deeply studied 
[18] because of the electrochromic effect that accompanies the inter-
calation/deintercalation of H+ upon reduction/oxidation of the metal 
centers. In fact, upon application of the appropriate potentials, iridium 
oxide switches forth and back between the highly resistive and trans-
parent oxide of Ir(III) and the highly conductive oxide of Ir(IV), with a 
good retention of the optical features (color), provided that the layer 
preserves a high hydration degree. 

Here we assume that, for reactions 1-3, the charge is balance solely 
by H+, since the present study is carried out in aqueous H2SO4. However, 
it is worth noting that the relevant anion can take part at the reaction 
[10,24], most likely decreasing the mobility of protons. 

Reaction (3) can be safely defined as a reference method for deter-
mining the active area of oxides electrodes [25,26]: the number of sites 
available for pseudo-capacitance charge/discharge can be easily coun-
ted [10,27] and is proportional to the number of active sites for other 
reactions, if both kinds of process imply the exchange of the same ion. 

Nonetheless, as initially evidenced by Trasatti [28], not all sites are 
equally accessible for ion exchange with the electrolyte. The coexistence 
of sites with different accessibility can have huge effects on the final 
behavior of the catalyst and, most of all, on the comparison of different 
catalysts with the aim of inferring intrinsic activities from the experi-
mental results. 

In more detail, it is found that the integrated voltammetric charge in 
the pseudocapacitive region does not depend linearly on the potential 
scan rate [29]. Later, Ardizzone and Trasatti involved a “slow access of 
protons to “inner” regions of the surface” and showing an inversely 
proportion between the charge and the square root of the scan rate, 
suggesting that a semi-infinite diffusion might be at the bases of this 
phenomenon [30]. 

More recently, several reports highlighted the role of surface –OH 
groups (and their coverage) as a useful descriptor for the activity and 
stability of the material [31]. In addition, “hydration” and proton 
diffusivity are most likely correlated, being H+ diffusion due to its 
hopping between water molecules (Grotthus mechanism) and consid-
ering the most recent observations that demonstrates the formation of 
H7O3

+ as the core/inner unit of any hydrated proton resulting from the 
strong interaction between an H+ ion and three water molecules [32]. 

These reports suggest that the diffusion of proton into oxide-based 
electrocatalysts plays a key role in the final performance of the mate-
rial and, therefore, that we should better investigate on it. 

A challenging problem in the study of heterogeneous catalysis is the 
presence of a multiplicity of active surface sites showing an “average” 
behavior that is difficult to treat and analyze for obtaining mechanistic 
insights. Vice versa, in homogeneous catalysis the knowledge of the exact 
chemical nature of the initial state is generally available and makes the 
understanding of the overall catalytic cycle easier. 

In electrocatalysis, the kinetic information on the heterogeneous 
electron and charge transfers are embedded in the potential/current 
relationships, representing powerful tools [33] for analyzing possible 
reaction paths and the role of the active surface sites. Nonetheless, the 
combination of electrochemical and spectroscopic techniques offers 
unique potentialities for elucidating the role of the electrocatalyst and 

the effectiveness of the matrix [34]. In particular, XAS provides key 
information on the electronic structure and the charge state of the 
photo-absorber, switching on a powerful floodlight on the role of the 
electrode material under operating conditions [35,36]. 

Notwithstanding the “high gain” features of this combined spectro- 
electrochemical technique, both (i) the surface to mass ratio of the 
electrocatalyst and (ii) the time and energy resolution of the XAS signal 
must be maximized to fully exploit the potentialities of hard and highly 
penetrating X-rays towards the investigation of time dependent inter-
facial phenomena. This implies (i) choosing sound protocols for pre-
paring and depositing the active material, and (ii) appropriately 
selecting the perturbation signal(s) and the relevant time domain(s). 
Although the current itself intrinsically carries the key information on 
the kinetics of the electrochemical reaction, under most of the actual 
conditions, e.g. in presence of concurrent/parallel/side reactions, at 
least another independent, time-resolved determination is necessary to 
obtain reliable mechanistic insights. 

This shifts the attention towards the time resolution of the classical 
XAS experiment, either in transmission or fluorescence mode, where the 
limitation arises from the time needed for the monochromator to scan 
over the desired energy range. Rapid scanning monochromators can 
considerably reduce the time needed to register a spectrum by 
employing a continuous rotation of the monochromator. In this tech-
nique, called QUICK-XAS [37] a whole XAS spectrum can be collected in 
seconds or fractions of seconds. With this setup, however, the time 
resolution is generally too low to study the kinetics of multistep elec-
trode processes [25,38]. Improved time resolutions can be obtained by 
high intensity focused X-ray beams less than 20 µm wide. In the 
appropriate setup, known as energy dispersive XAS (EDXAS), a 
poly-chromator crystal focuses onto the sample a polychromatic beam, 
which is afterwards dispersed onto the detector. The main downside of 
dispersive XAS relies in its low energy resolution. In addition, it can be 
used only for transmission experiments, which greatly affects the cell 
design and the choice of the structural materials, to avoid undesired 
beam attenuation. So far, the number of time-resolved XAS studies in 
electrochemistry is rather small [39–43]. 

Here, we show that time-resolved EDXAS, being an element selective 
technique and allowing operando experiments, is capable of directly 
monitoring the pseudo-capacitive event and thus pointing out (and 
quantifying) the accessibility of sites in the model system. We proved 
that the analysis of operando XAS spectra recorded during well-defined 
stages of a pseudo-capacitive event allows to highlight structural mod-
ifications of the active sites of the material [44]. In this work we 
approach the time evolution of the reaction by analyzing simultaneous 
chronoamperometry and EDXAS at the Ir-LIII edge. We demonstrate that 
the rate determining step of the reactions is the diffusion of H+ in and 
out of the EIROF layer. To reach this conclusion, we re-examin the 
diffusion geometry for a porous layer and use the explicit solution of the 
Fick laws for this case. 

In summary, the present work investigates the behavior of EIROF in 
acidic media, the condition in which IrO2 (together with RuO2) has been 
for long considered as the only active and stable OER electrocatalyst. We 
evidence the need of optimal experimental conditions for both electro-
chemistry and XAS set-ups. This implies: (i) stable enough electrodes to 
sustain the irradiation by a high intensity X-ray beam for a few minutes; 
(ii) appropriate cell and electrode design for sound and simultaneous I/E 
plus transmission mode-XAS signals acquisition; and (iii) synchroniza-
tion of the overall measurement chain. 

The effectiveness of the method is confirmed by comparison with the 
results obtained by electrochemical impedance spectroscopy (EIS), a 
technique that has been previously used for determining ion diffusion in 
solids, but that suffers for the partial arbitrariness of the choice of the 
equivalent circuits (more circuits can well-fit the same dataset), that 
requires steady state conditions (except for dynamic EIS [45]). For these 
reasons, EIS results should be validated by other techniques to provide 
reliable results. In this optics, the present work can be also considered as 

E. Achilli et al.                                                                                                                                                                                                                                   



Electrochimica Acta 444 (2023) 142017

3

the validation of the use of EIS and of a Randles circuit for the deter-
mination of the diffusion coefficient of ions in oxide electrodes. 

Compared to other types of IrO2, EIROF shows a particularly high 
diffusion coefficient, that certainly contributes to fast bulk mass trans-
port of charges and thus to high electrocatalytic activity, particularly at 
high current densities. 

2. Experimental section 

All reagents are used as received and all solutions prepared with 
Milli-Q grade water. Potentials are referred to the reversible hydrogen 
electrode, RHE. 

2.1. Preparation of working electrodes 

The Electrodeposited Iridium Oxide Films (EIROF) are prepared 
following a modified version of the procedure reported previously 
[18–20]: 0.0151 g of IrCl3•3H2O (Alfa Aesar) are dissolved in Milli-Q 
water (10 ml). After 30 min stirring, 100 µl of H2O2 (30%) are added 
and the resulting solution is kept under stirring for 30 min. Then, 
0.0518 g of oxalic acid are added. The solution is stirred for 10 min. 
Finally, dried K2CO3 is added until pH is about 10.5. The procedure leads 
to the formation of a yellow solution that turns blue/violet after 3 days 
at room temperature. 

The blue colloid is used as a deposition bath, from which IrOx is 
easily deposited onto a conductive support (a carbon disk deposited onto 
a 175 µm thick Polyethylene terephthalate lamina, supplied as a custom 
electrode by Dropsens) at constant current density. We obtained durable 
deposits suitable for XAS measurements by applying a 0.1 mA•cm− 2 

current for 8h, using a Pt plate as the counter electrode. 
The electrode thickness was determined from the X-ray absorption of 

the film at 11.215 keV, which gives the product of the absorption co-
efficient μ by the thickness τ. Then, by measuring the deposit density 
with a helium pycnometer we can determine μ, and therefore obtain the 
thickness τ. This results in an average thickness of 300 μm. Assuming 
that the deposit is homogeneous and considering that the diffusion co-
efficient is an intensive parameter, we can extend the results obtained in 
the present paper also to other thicknesses. 

2.2. Electrochemical impedance spectroscopy 

EIS spectra have been registered between 106 and 10-2 Hz with an 
AC amplitude of 7mV in a standard three compartment cell, using with a 
Pt foil as counter electrode and SCE with a 0.1µF condenser connected in 
parallel as reference. The latter was added for avoiding artifacts at high 
frequencies when experiments are carried out with a high conductivity 
electrolyte and due to the high impedance of the reference electrode and 
the cable capacitance [46]. 

All measurements have been performed with Solartron 1287 and 
1260 instrument supported by CorrWare and zPlot and elaborated with 
zView, version 3.5i. 

2.3. Spectro-electrochemical cell 

The cell is made of polytetrafluoroethylene (PTFE) and contains a Pt 
foil counter-electrode and an AgCl/Ag in 0.1 M KCl reference electrode. 
The electrolyte solution is 0.5 M aqueous H2SO4. 

The reference electrode is in contact with the solution via a salt 
bridge, consisting in a glass pipette filled with agar containing 0.2 M 
aqueous KClO4. One side of the cell includes a hole that matches with the 
WE area. The WE is held between the PTFE cell and a polypropylene 
plate that also include a hole for the X-rays beam. 

All electrochemical and operando XAS experiments were carried out 
using a CH Instrument 633D potentiostat, driven by the proprietary 
software. 

A scheme of the cell is reported in Fig. 1. 

2.4. Energy dispersive-XAS experiments 

EDXAS data were collected at ID24 beam-line [47,48] of the Euro-
pean Synchrotron Radiation Facility, ESRF, Grenoble (the ring energy 
was 6.0 GeV and the ring current 150-200 mA). The X-ray source con-
sisted of two undulators whose gaps were adjusted to tune constant 
counts of the first harmonic for energies around the Ir LIII-edge along the 
spectra. The beam was focused horizontally by a curved Si(111) poly-
chromator crystal in Bragg geometry and vertically with a bent Si mirror 
at a glancing angle of 2.5 mrad with respect to the direct beam. The 
beam size at the sample was 8 µm FWHM horizontally and 80 µm FWHM 
vertically to decrease the photon density to preserve the samples from 
beam damaging. 

Spectra were recorded in transmission mode using a FreLonCCD 
camera detector [49]. The energy calibration was made by measuring 
the absorption spectrum of a Pt foil (Pt-LIII: 11564 eV; Ir-LIII: 11215 eV). 

Sequences of spectra were acquired while applying to the WE 
selected potential steps and recording the relevant chronoamper-
ometries. Usually, oxidative and reductive potential steps are coupled in 
sequence. In all cases, the WE is kept at the initial potential for at least 
three minutes to allow all the sites to assume initial stationary condi-
tions. Afterwards, the potential is set to its final value, at which the 
spectra are collected. The potential step is triggered by the X-ray 
acquisition system. All measurements were carried out at room tem-
perature. A sequence is made of 10000 or 20000 spectra acquired every 
0.0116 s, that is for a total time of 116 or 232 s. Averages were calcu-
lated every 10 spectra in order to obtain a better signal to noise ratio: 
this gave a final time resolution of 0.116 s. 

2.5. Data processing and analysis 

Chronoamperometric runs consist in applying to the WE a potential 
step, ΔE = Ef - Ei, and measuring the cell current, I, as a function of time. 
For a potential step, the total current flowing into the circuit is 

I = Ic + If, where Ic is the non-faradaic contribution of double-layer 
charging and If is the sought term related to the electron transfer process. 

The subtraction of Ic has been described in our previous work [42] 
and implies the determination of the uncompensated resistance, Ru, that 

Fig. 1. Scheme of the cell used in this work. Quotes are in mm.  
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was then used to correct the voltammetry shown in Fig. 2. 
The raw XAS spectral data were processed with a preliminary stage, 

in which spectra were normalized, and a subsequent analysis aimed at 
extracting the kinetic parameters of the processes. 

In the preliminary stage, each XAS spectrum of each sequence was 
normalized by means of the PRESTO PRONTO software [50]. The 
normalization was made by (i) fitting the pre-edge and post-edge parts 
of the spectrum with a straight line and a cubic function, respectively; 
and (ii) rescaling the whole spectrum to unit step in the absorption co-
efficient at the edge. The same pre-edge and post edge fitting functions 
were used for all spectra of a sequence. 

The analysis stage was in turn based on three major steps: (i) fit of 
each normalized spectrum of a whole sequence to a simplified spectral 
model, (ii) calculation of the Degree of Reaction (DoR) from the spectral 
parameters, and (iii) assessment of a kinetic law from the time evalua-
tion of the DoR along the sequence. The fitting step of the data analysis 
was carried out by means of the MINUIT program [51], a well-known 
tool for function minimization and error analysis, writing a subroutine 
for a multi-parameter function to be optimized. The Ir LIII-edge spectrum 
can be modelled by means of a Lorentzian function, which accounted for 
the transitions from the initial 2p states to the empty 5d states, and an 
arctangent function, accounting for the transition to continuum states. 

Fig. 2. CV of IrOx electrode in 0.5 aqueous H2SO4 at 2 mV•s− 1: original data (dashed line), corrected for the uncompensated ohmic drop Ru = 150 Ω (full line).  

Fig. 3. XAS at the Ir-LIII edge. A: raw spectrum and fit according to the model described in the text. B: contour plot evidencing the time evolution of the spectra. C: 
time evolution of the DoR obtained from the energy position of the Lorentzian component. D: time evolution of the DoR obtained from the width of the Lor-
entzian component. 
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Therefore, the χ2 of the fit of the experimental data yexp, i to the model 
was: 

∑

i

⎧
⎪⎪⎨

⎪⎪⎩

yexp,i −
I

(
1 −

[
(xi − x0)

b

]2) − g
[

1
2
+

1
π arctan

(xi − x1

h

)]

⎫
⎪⎪⎬

⎪⎪⎭

2

(4)  

where x0 is the Lorentzian position, b the Lorentzian width, I the Lor-
entzian intensity, x1 the arctangent position, h the arctangent width, g 
the arctangent intensity, and the index i runs over all energy scan steps 
of a single spectrum [52]. Reliable starting values of the parameters 
were found using, on some selected spectra of a sequence, a random 
Montecarlo search with 3×106 steps and checking the consistency of the 
results along the whole sequence. The parameter values for each spec-
trum of the sequence were then refined with a variable-metric gradient 
minimization method, which also determines the parabolic errors. 

For each quantity (here indicated by x) showing a sensible variation 
with time, DoR (ξ) can be calculated from the set of values along the 
whole sequence according to: 

ξ =
[x − xi][
xf − xi

] (5)  

where x is the parameter value at current time t, xi is the value at the 
initial time ti, and xf is the value at the final time tf. The parameters most 
suitable for determining a degree of reaction are the Lorentzian position 
(x0 in Eq. (3)) and the Lorentzian width (b in Eq. (4)). 

The overall procedure for extracting a DoR from the features of an 
XAS spectrum was selected particularly for its simplicity and ease of 
implementation on sequences of a large number (thousands) of spectra. 
Before its routine application to the whole set of experimental data, 

however, its reliability was assessed by the excellent agreement with the 
DoR obtained on random sets of XAS spectra using the more conven-
tional approach based on the best fit of a linear combination of suitably 
selected initial and final spectra. 

The third step of the analysis stage (estimation of a kinetic law and of 
its underlying coefficients) is described in the next section. 

3. Results and discussion 

The choice of potential steps to be applied was made according to 
previous works [1] and on the basis of the cyclic voltammetry (CV) runs 
recorded in aqueous sulfuric acid on the same electrodes used for XAS 
experiments. 

Fig. 2 clearly shows the well-known solid-state redox transition 
characteristics of IrOx, represented by reaction (3). A peak couple at 
about 0.8-0.9 V has been attributed by fixed energy X-ray absorption 
voltammetries (FEXRAV) [1,53] to the Ir(III)/Ir(IV) reversible transi-
tion. In the present case, because of the high loading of IrOx, ohmic 
drops are not negligible and the anodic and cathodic peaks are quite 
separated (Fig. 1 dashed line). In the same figure, the full line shows the 
CV corrected for the IR drop, where R/Ω is the resistance of the layer, 
which is an adjustable parameter for evaluating the capacitive, Ic, and 
faradaic, If, contributions of the total current I recorded during the 
appropriate chronoamperometric run. In the forward scan, a small, 
barely visible, shoulder at about 1.3 V corresponds to the transition Ir 
(IV)/Ir(V), followed, at higher potentials, by the oxidation of water and 
the evolution of O2 [1,54,55]. 

On the basis of the actual behavior of the EIROF layer, the chro-
noamperometric + EDXAS runs were recorded upon application of the 
voltage steps: 0.2 – 1.05 / 1.05 – 0.2 V vs. RHE, for observing the Ir(III)/ 
Ir(IV) transitions, and 1.05 – 1.5 / 1.5 – 1.05 V vs. RHE, for the 

Fig. 4. Results obtained for the Ir(IV) → Ir(III) and Ir(III) → Ir(IV) transitions, for the potential steps 1.05 → 0.2 V and 0.2 → 1.05 V, respectively, in 0.5 M aqueous 
H2SO4. A) Q/Qtot vs. DoR for the reduction process; B) Q/Qtot vs DoR for the oxidation process; C) Q/Qtot oxidation vs Q/Qtot reduction; D) DoR oxidation vs. 
DoR reduction. 
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transitions Ir(IV)/Ir(V). As it will be evident in the following, the latter 
potential window also includes the H2O/O2 reactions. 

Fig. 3A exemplifies an Ir-LIII XANES spectrum of the IrOx electrode 
and Fig. 3B summarizes its time evolution following the potential jump 
from 1.05 to 0.2 V. Apart from EXAFS oscillations, that are clearly 
apparent above the noise level, but are of structural origin and will not 
be taken into account here, the spectrum is mainly composed by a peak 
(called White Line, WL) due to the transition from 2p to empty 5d states, 
and a smooth step that accounts for transitions from 2p to continuum 
states. Both features directly reflect the local electronic structure at the 
photo-absorber. The main modification evidenced by the time evolution 
of the XAS is due to changes in the oxidation state. Indeed, the inter-
action between the nucleus and a 2p electron is a screened Coulombic 
potential and the number of valence electrons determines the screening. 
The net result is therefore that the energy positions of the spectral fea-
tures move towards lower values when the oxidation state decreases. 
This is the well-known chemical shift effect and it is analogous to the 
chemical shift in photoelectron spectroscopy. 

XAS is potentially able to show additional features reflecting finer 
details of the local electronic structure: crystal field splitting of the 5d 
levels and band formation, for example, both concur in the definition of 
the exact spectral shape of the WL. A dispersive XAS beam line, however, 
is not fully suited for detecting such fine details and variations thereof, 
as the energy resolution is not good enough. More important, the energy 
broadening due to the finite lifetime of the core-hole at the Ir LIII-edge 
amounts to several eV, and therefore hinders subtle spectral features. 
The main spectral modifications, however, are fully caught as the 
spectra collected in different conditions display sensible variations. As 
Fig. 3B shows, after the application of the potential step 1.05 → 0.2 V, 
the spectra move towards low energy, indicating an overall reduction of 
Ir from Ir(IV) to Ir(III) and the WL decreases its FWHM, in agreement 
with previous findings [2,42,56]. The overall time evolution of the two 

most sensible XAS parameters, position in energy and width of the 
Lorentzian peak, normalized for their final value in terms of DoR are 
displayed on Fig. 3C and 3D, respectively. These plots also show that the 
Lorentzian (peak energy) position shows a lower noise and therefore is 
more reliable. We found this conclusion valid for all XAS experiments 
and therefore only this parameter will be discussed in the following. 

Now, considering the electrochemical data, the current intensity 
during the potential step directly represents the rate of the faradaic re-
action, If (but for the first 100-200 ms when the charging of the double 
layer prevails). Upon integration of the current over time, one obtains 
the time dependent quantity of charge, Q, that, divided by the total 
quantity of charge, Qtot of the experiment, gives Q/Qtot, the quantity 
equivalent to the DoR expressed by XAS. 

Here, two independent measurements are in principle available to 
quantify the kinetics of the process: (i) the features of XAS spectra that 
directly give the DoR and (ii) the normalized quantity of charge, Q/Qtot, 
as discussed above. 

When each electron exchanged at the electrodes oxidizes or reduces 
an Ir center, the DoR obtained by XAS should be equal to Q/Qtot. This can 
be experimentally verified using a plot of DoR against Q/Qtot (at equal 
times): if the plot follows the diagonal of the first quadrant, we can 
reasonably infer that the two techniques monitor the same process. Such 
plots for the redox process Ir(III)/Ir(IV) monitored in the Ir(IV) →Ir(III) 
verse, and the reverse one, Ir(III) →Ir(IV), are reported on Fig. 4A and 
4B, respectively. We note the impressive agreement found in this case 
between spectroscopy and electrochemistry. This implies two separate 
conclusions. 

First of all, it directly shows that the Ir(III)/Ir(IV) transitions follow 
mechanisms free of side reactions or parasitic processes. 

As a second point, we understand, despite the surely much higher 
noise level, that the analysis of XANES features provides an independent 
determination of the DoR of an electrochemical process, that this 

Fig. 5. A: Example of DoR vs. √t plot: DoR from XAS for the reduction process. The parabolic trend, which is present in all cases, suggests that the process occurs 
under diffusion control. B: ln (1-DoR) vs t for the reduction process (1.05→0.2 V). C: ln (1-DoR) vs t for the oxidation process (0.2→1.05 V). The green points refer to 
Q/Qtot, the black points refer the DoR as obtained by XAS, and the red trace shows the asymptotic fitting model described in the text (Eq. (5)). 
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determination is reliable, and is a potentially powerful tool for clarifying 
the underlying mechanism of the process. 

Going now into deeper detail, we note that, when a reduction process 
follows the same mechanisms as its corresponding oxidation, also the 
correlation plot of a DoR of oxidation (or Q/Qtot) vs. its corresponding 
DoR (Q/Qtot) of reduction should give a straight line with unit slope. 
These kinds of plots are shown in Fig. 4C and 4D, for the same Ir(III)/Ir 
(IV) redox process. Both plots show that the reduction is notably faster 
than oxidation, in particular at the beginning, i.e. for DoR < 0.6. This can 
be explained on the basis of the much higher electric resistance of the 
layer when the majority of Ir sites are in the reduced Ir(III) state of 
charge [2,57]. At increasing oxidized form, the resistance decreases and 
the two process finally (DoR > 0.8) exhibit the same rate. 

Electron kinetics and charge transfer reactions at porous electrodes 

have been receiving increasing attention [58–61] because of their wide 
applications in energy conversion devices (electrochemical generators, 
capacitors and electrolyzers) and in chemically modified sensors [62]. 
The most common picture considers an electroactive component sup-
ported on a low-activity carbon matrix, so that comparison can be made 
in presence and in absence of the active material [63]. 

In case of the pseudo-capacitive reaction (3) it is a common under-
standing that the rate-determining step of the redox processes involving 
the IrOx centers is the diffusion of H+ ions in the layer. This under-
standing is supported by the plot(s) of the DoR of the Ir(IV) → Ir(III) 
process vs. time (Fig. 3C, D): these show an immediately detectable 
parabolic behaviour that is typical of diffusion driven processes, and is 
better seen in Fig 5A, where the DoR is plotted vs. √t. Slight deviations 
from the linear behaviour are detected after the first 10 s. These 

Fig. 6. A. raw current data (inset) and the relevant inte-
grated quantity of charge (Q/Qtot) before (black line) and 
after (green line) the subtraction of the current due to the 
OER for the oxidation step. Comparison between Q/Qtot 
and DoR XAS obtained for the potential step 1.5 → 1.05 V 
are shown in Part B and F and, for the potential step 1.05 
→ 1.5 V, in parts C and G. Parts B and C shows the DoR 
obtained by XAS vs. the DoR obtained by the integral of 
the current (Q/Qtot). Parts D and E show the DoR of 
oxidation vs. the DoR of reduction (obtained from the in-
tegral of the current and from XAS, respectively). Parts F 
and G compare the experimental DoR with fits obtained by 
means of the model described in Eq. (3). Green points: DoR 
from the integral of the current; black points: DoR from 
XAS; red trace: diffusional model.   
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deviations are small and are probably because, as the reaction pro-
gresses, the number of active sites decreases, which means that the less 
accessible sites are those that persists, and therefore different diffusion 
path may limit the overall kinetics. 

Thus, the time evolution of the DoR data can be used for extracting 
the proton diffusion coefficient by adopting an appropriate model. To 
that purpose, we heuristically try a 1D model based on a porous elec-
trode layer of thickness L enclosed between a compact metal body and a 
large volume of liquid electrolyte. This acts as an unlimited source of the 
H+ diffusing species at constant concentration, which is different from 
the value corresponding to electrochemical equilibrium at the new 
electrode potential. The result of this approach ([64,35], see also the 
appendix for details) gives: 

n(t)
ns

= 1 −
8
π2

∑∞

i=0

1
(2i + 1)2e

− (2i+1)2 π2 Dt
L2 (6) 

Here n(t) is the total amount of the diffusing species that has entered 
the electrode layer up to time t, ns is the corresponding asymptotic 
quantity (at long enough times), and D is an effective diffusion coeffi-
cient. Basically, D is the diffusion coefficient in the liquid electrolyte 
modified by factors accounting for the porosity of the electrolyte layer 
and occurrence of the electrode reaction along the whole porous layer 
([64,35] and SI). Assuming that diffusion in the layer is the rds, the left 
hand-side of Eq. (6) is a DoR and is suitable for direct comparison with 
experimental data. To this purpose, the asymptotic expression: 

ξ =
n(t)
ns

= 1 −
8
π2e−

π2 Dt
L2 (7)  

is sometimes used for its simplicity, as it gives a linear plot of ln[1 − ξ] vs. t 
(see appendix, Fig 8). More precisely, on a ln[1 − ξ] vs. t plot the kinetic 
model describes an almost linear trend at “high enough” times. The 
asymptotic straight line wrongly extrapolates to ln(1 − 8 /π2) ≈ -0.21 at t 
= 0, while the full model correctly bends up at “low” times to 
ln[1 − ξ] = 0 at t = 0. 

We can now test the model described in Eq. (6) against the experi-
mental data. Starting from the reduction reaction (1.05 → 0.2 V, 
Fig. 5B), it is well apparent that the XAS data are well interpreted for t >
5 s ca. by the linear trend of Eq (7), and in the whole time range by Eq 
(6), which accounts for the initial curvature. Thus, it can be safely 
concluded that the Ir(IV) → Ir(III) reduction is controlled by diffusion in 
the whole time range, in particular up to the virtual end of the reaction. 
The diffusion coefficient, obtained by the fit of the linear part of the plot 
in Fig. 5B is 4.3×10− 6 cm2•s− 1. 

For the Ir(III) → Ir(IV) oxidation (0.2 → 1.05 V), DoR (Fig. 5C) shows 
many distinctive features of the diffusional model: there is a well 
apparent linear trend of ln[1 − ξ] vs. t after about 15 s, the linear trend 
correctly extrapolates to ln(8/π2) for t = 0, and the ln[1 − ξ] quantity 
correctly goes to zero at t = 0 as required by the full model (Eq. (6)). 
Initially, however, the DoR data distinctively stay above (lower DoR) the 
trace of the full model and appear as remarkably smaller than their 
counterpart in the reduction run. 

The second case discussed in this work, Fig. 6 A-G, refers to chrono- 
amperometric programs corresponding to the potential steps 1.5 V → 
1.05 V and 1.05 V → 1.5 V, where oxygen evolution indeed occurs. 

In the latter case, the DoR cannot be directly compared with the time 
integral of the current. The latter quantity, indeed, does not go to zero at 
long enough times, as expected from the occurrence an uninterrupted 
oxygen evolution. In the oxidation run, therefore, a constant current 
value has been determined from the current signal at “long” times, and 
the value has been preliminarily subtracted to the raw current data. The 
trends for the current and for Q/Qtot before and after subtraction are 
shown in Fig. 6A 

For both the potential step-down and the potential step-up runs, the 
correlation plots of DoR vs. Qt/Qtot (Fig. 6B and C, respectively) clearly 
show that spectroscopy and electrochemistry determine different 

processes. According to the first plot (Fig. 6B), the processes monitored 
by the current are globally faster than Ir reduction (monitored by XAS), 
an indication that another process occurs in parallel with Ir reduction 
and that will be further discussed later. On the other hand, Fig. 6C 
seemingly indicates that the variation in Ir oxidation state occurs at a 
rate comparable to the exchange of electrons (after subtraction of the 
contribution of oxygen evolution, that contributed with a constant 
current for the length of this experiment). Some difference can be 
however remarked and is better discussed using the following plots. 
Fig. 6D and E show that reduction and oxidation follow different rate 
laws, and reduction appears regularly slower than oxidation. Finally, 
Fig. 6F and G can provide some mechanistic information. Let us start 
with Fig. 6G. Here DoR shows all features required by the previously 
presented diffusional model: linear trend at high times, extrapolation of 
the linear trend to ln(8/π2) for t = 0, upwards curvature of the trend of 
the initial data. The D value is then ca. 5.2×10− 6 cm2•s− 1. For the same 
process, Qt/Qtot initially agrees with DoR, then is regularly larger, and 
follow a roughly linear trend that is not consistent with the features of 
the diffusional model. In this case a tentative explanation evolves the 
oxygen evolution related to the formation of Ir(V) clusters. If the 
explanation is correct, the formation of proximal Ir(V)-Ir(V) couples 
occurs after ca. 20 s [55]. At this moment, XAS and electrochemical 
signal separate because the OER proceeds with a slower oxidation of Ir, 
that progressively enters a catalytic cycle where it is oxidation state 
likely sweeps between two extremes values (likely (III) and (V)[2]). This 
proofs that the OER is anticipated by the oxidation of Ir, a process that is 
controlled by the diffusion of charged species (H+) towards the solution. 

Going now to the reduction run (Fig. 6F), we immediately see that Ir 
reduction accounts for only part of the charge exchanged and that DoR 
and Qt/Qtot do not show the features required by the diffusional model. 
A tentative fit, that only considers the final moments of the reduction, 
leads to a value of D of about 3.1×106 cm2 s− 1. As anticipated, this is an 
indication that another process occurs in parallel with Ir reduction. This 
additional process might be a residual contribution of the OER that 
occurs at the initial stages of the step, when only part of the material is 
reduced. 

Table 1 summarizes the diffusion coefficients estimated by means of 
Eq. (7) for all the potential steps applied leading to Ir(III)/Ir(IV) and Ir 
(IV)/Ir(V) transitions. All the values obtained are of the order of 10− 6 

cm2•s− 1. 
We could not find several comparable data in the literature but for 

the work by Pauportè on sputtered iridium oxide films (SPIROFs) [65] 
where D was determined by electrochemical impedance spectroscopy, 
EIS, and the reported data range from 2×10− 8 to 1.1 × 10− 7 cm2•s− 1 

from 0.4 to 1 V (SCE) in 1 M H2SO4. The same approach was adopted 
here to further validate the operando EDXAS approach and confirm the 
relevant results. 

Here we adopted the same equivalent circuit adopted for sputtered 
iridium oxide films [65], that is a simple Randles circuit plus a resistance 
accounting for the solution impedance (Fig. 7 inset). All EIS spectra have 
been fitted with the ZView software, adopting a Warburg open to 
describing a one-dimensional diffusion with a blocked boundary: 

Z = R
coth[(iTω)p

]

(iTω)p (8) 

Where Z is the impedance, ω the frequency, i the imaginary unit and 
R the resistance associated to the Warburg element and T is the 

Table 1 
Diffusion coefficients estimated with the model described by Eq. (7) for all the 
reduction/oxidation processes investigated.  

Hþ Diffusion Coefficients (cm2•s¡1) 
Couple Reduction Oxidation 

Ir(III)/Ir(IV) 4.3×10− 6 3.8×10− 6 

Ir(IV)/Ir(V) 3.1×10− 6 5.2×10− 6  
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reciprocal the diffusion time constant, Kn.[66] 
The good quality of the fit is proven by Fig. 7A, together with the 

typical shape of the Nyquist plot for a porous media that includes a 
blocked boundary finite-length Warburg impedance. 

The raw data fit allow the determination of T, that is related to the 
diffusion coefficient, D (shown in Fig. 7B) by the following equation 
[67]: 

D =
L2

T
(9) 

Here we assume that the length of the diffusion thickness, L, co-
incides with the thickness of the IrO2 layer and that, working in a 
concentrated acid solution, the charge transport within the film is 
dominated by H+ ions. 

Although leading to higher values for D, EIS confirms that the 
diffusion coefficient of proton in EIROF is significantly higher than on 
other materials, e.g. r.f. sputtered IrO2, and even higher than for films 
obtained by magnetron sputtering (D = 4.5×10− 13 [68] or between 
10− 11 and 10− 10 cm2•s− 1[69]). We attribute the higher values obtained 
in the present work to a significantly higher hydration degree of EIROF 
compared to SPIROF, leaving wider pathways for H+ transport. 

4. Conclusions 

In the present work we studied the kinetics associated to highly 
hydrated IrOx films in different chronoamperometric conditions, by 
means of energy dispersive-XAS spectroscopy, leading to the first direct 
quantification of the diffusion coefficient of protons into an iridium 
oxide electrode. Thanks to the combination of spectroscopic and elec-
trochemical measurements, we managed to obtain two independent sets 
of data. This is needed to fully assess the mechanistic insights, since it 
allows to identify any parasitic effect or side reaction. Experiments were 
carried out in acidic medium and the final time resolution of XAS spectra 
acquired is 0.116 s. For each sequence, all spectra were fitted auto-
matically by a linear combination of a Lorentzian and an Arctangent 
employing Minuit software. Reliable DoRs were obtained from Lor-
entzian positions: the parabolic trends vs. time clearly accounts for a 
diffusion driven control, and the diffusion coefficient, which were ob-
tained by extrapolation, are of the order of 10− 6 cm2•s− 1. Two are the 
potential windows investigated in this experiment: (i) 0.2 —1.05 V, in 
which the oxidation state of Ir ranges from Ir(III) and Ir(IV) and (ii) 

1.05—1.5 V, in which Ir reaches the Ir(V) oxidation state and oxygen 
evolution begins. 

(i) In the first case, the system behaves as a pseudocapacitance with 
an H+ diffusion-controlled kinetics. Spectroscopy and electrochemistry 
agree on the kinetic trends. The reduction process is clearly faster than 
the oxidation one. Furthermore, both the reduction and oxidation re-
actions can be well interpreted by the diffusion model of a finite layer 
with an infinite source of protons described in Eqs. (5) and (6). 

(ii) For the potential window 1.05—1.5 V, spectroscopy and elec-
trochemistry do not agree, particularly for the potential step down. 
Quite interestingly, the model described in Eq. (5) is well interpreted 
when the potential step is 1.05 V → 1.5 V, after the current deriving from 
water oxidation was subtracted. On the contrary, the model cannot be 
applied to the results obtained for the step 1.5 V → 1.05 V. A hypothesis 
to this can be the occurrence of an electrochemical process that does not 
change the oxidation state of Ir. For example, a contribution from the 
oxygen evolution reaction that persists in the initial part of the step and 
that could not be easily ruled out from the chronoamperometry data. 
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Appendix diffusion model for transient experiments (ED-XAS / chronoamperometries) 

Here we describe the diffusion model adopted for the interpretation of EDXAS results. 

(1) The texture of the porous EIROF electrode is modeled as an array of electronically conductive Ir oxide nano-rods embedded in a liquid elec-
trolyte matrix or, in an equivalent way, as an array of electrolyte-filled cylindrical pores of an Ir oxide matrix.  

(2) We assume that the bulk liquid electrolyte solution ahead of the electrode assembly is well stirred and that concentration and overall amount of 
electrolyte are so large that we can neglect any change of its concentration in time or space in this external solution.  

(3) We now consider the diffusion problem in a homogeneous layer with thickness L with a uniform and constant diffusion coefficient D, where the 
concentration of the diffusing species is constrained at the equilibrium value Ceq at x = 0 (t ≥ 0) and at a (different) initial value C0 in the whole 
range 0 < x < L (at t = 0) and also for all times at x = L. The solution of the problem (as reported by Crank [64] Eq. (4).23 pag. 50) is: 

q(t)
qs

= 1 −
8
π2

∑∞

n=0

1
(2n + 1)2e

− (2n+1)2 π2Dt
L2 , (10)  

where q(t) is the total amount that has entered the layer at time t, while qs is the corresponding quantity at long times. To tailor this solution to 
our problem, we must preliminarily account for texture of the porous electrode layer and for the electrochemical reaction. For both problems 
we again refer to arguments discussed by Crank [64].  

(4) The heterogeneous texture with axial symmetry (along the diffusion direction) can be accounted for by an effective-medium approach, which 
clearly neglects gradients along normal directions, shape effects, and non-uniform sizes, widths, and surface areas of the rods and/or pores. 
Within this approximate treatment, the previous solution can be modified by simply using a different diffusion coefficient (D’), which is 
essentially the same D rescaled by the ratio of the overall cross-section of the liquid channels to the whole area of the electrode assembly.  

(5) Within the same effective-medium approach, the electrochemical reaction occurring at the whole contact surface between Ir oxide particles and 
the embedding liquid electrolyte is accounted for as a homogeneous chemical reaction occurring along the whole thickness L of the electrode 
assembly layer.  

(6) We refer here to another standard problem in diffusion, where “some of the diffusing substance becomes immobilized as diffusion proceeds: 
diffusion may take place within the pores of a solid body” [64]. We also assume that “the reaction by which the immobilized reactant is formed 
proceeds very rapidly compared with the diffusion process”: local equilibrium can be assumed to exist between the free (H3O+) and immo-
bilized. Ir(III) or Ir(IV) species and the activities or concentrations are proportional to each other. Within these assumptions, the previous 
solution to the diffusion problem can still be used, after replacing the previous diffusion coefficient (D’) with a new parameter including the 
reaction rate R: D” = D’ / (R + 1).  

(7) We note that Eq. (9) already represents a degree of reaction and is suitable to direct comparison with experiments. To this purpose, the 
asymptotic expression: 

ξ =
q(t)
qs

= 1 −
8
π2e−

π2 Dt
L2 (11)  

can be used. By giving a linear relation (Fig. 8) between the experimentally measured quantity ln[1 − ξ] vs. t, this simplified (asymptotic) form 
provides an important way for a graphical control of the agreement of the experimental data to the model, and a fast tool for determining the 
pertinent diffusion coefficient (D’’). 

We warn, however, that the asymptotic form holds for “long enough” times and it is indeed possible to detect deviations from the linear trend in 

Fig. 8. Simulation providing the graphical analysis of Eq. (10), where ξ is 
renamed as a degree of reaction (DoR). 
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form of an upwards curvature at “small times”. The asymptotic straight line extrapolates to ξ = ln(8/π2) ≈ - 0.21 (independent of D, T and other 
experiment-specific variables), while the full expression correctly goes to ξ = 0 [= ln (1)] at the initial time. 
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