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Laser induced oxidation Raman spectroscopy
as an analysis tool for iridium-based oxygen
evolution catalysts†

Sebastian Speer, ab Sven Jovanovic, *a Alexandre Merlen, c

Francesco Bartoli, a Kiran Kiran,a Niklas Wolf, ab André Karl, a Eva Jodat a

and Rüdiger-A. Eichelabd

The study of degradation behavior of electrocatalysts in an industrial context calls for rapid and efficient

analysis methods. Optical methods like Raman spectroscopy fulfil these requirements and are thus

predestined for this purpose. However, the iridium utilized in proton exchange membrane electrolysis

(PEMEL) is Raman inactive in its metallic state. This work demonstrates the high oxidation sensitivity

of iridium and its utilization in analysis of catalyst materials. Laser induced oxidation Raman spectro-

scopy (LIORS) is established as a novel method for qualitative, chemical and structural analysis of iridium

catalysts. Differences in particle sizes of iridium powders drastically change oxidation sensitivity. Oxidation of

the iridium powders to IrO2 occurred at a laser power density of 0.47 � 0.06 mW mm�2 for the 850 mm

powder and at 0.12 � 0.06 mW mm�2 and 0.019 � 0.015 mW mm�2 for the 50 mm and 0.7–0.9 mm powders

respectively. LIORS was utilized to assess possible deterioration of an iridium electrocatalyst due to operation

under electrolysis. The operating electrocatalyst exhibited higher oxidation sensitivity, suggesting smaller

iridium particle size due to catalyst dissolution. Peak shifts of the IrO2 signal were utilized to assess

differences in transformation temperatures. The operated electrocatalyst transformed to IrO2 at lower

temperature (8 cm�1 redshift) relative to the pristine catalyst (10 cm�1 redshift), demonstrating that

pre-oxidation of the iridium to amorphous IrOx during electrolysis diminishes the energy barrier needed

for IrO2 formation. Thus, LIORS can be utilized as a straightforward screening method for the analysis of

iridium electrocatalysts in the industrial application of PEMEL.

Introduction

Today’s urgent need for transitioning to a carbon neutral
economy is countervailed by the lack of economic feasibility
of state-of-the-art energy technologies. One of the most promising
energy carriers for the transition is hydrogen, so improvement in
hydrogen production technologies is vital.1–3 PEMEL is seen as
one of the primary options for producing hydrogen commercially.
PEM electrolyzers enable the production of high purity hydrogen
for use in fuel cells, at low temperatures and high current
densities.4 While the ability to operate at high current densities
increases economic feasibility significantly, there is still room
for improvement of cost effectiveness. Some of the challenges

of PEMEL are the high costs and the degradation of materials
utilized in the electrolyzer. Especially iridium, which is a common
material used as the oxygen evolution reaction (OER) electrocata-
lyst, is a major driver of high capital expenditure.5,6 Therefore, the
investigation of OER catalyst degradation is critical for improving
the electrode production process and electrolyzer operation in
order to prolong the electrode lifespan.

Fast and straightforward analysis methods are required, and
thus optical methods are often preferred for use in industry-
oriented applications. Raman spectroscopy in particular yields
insight into various material properties like composition,
crystal size and form and mechanical stress. It is implemen-
table in low-complexity measurement devices or more sophis-
ticated forms like Raman microscopes, allowing for detailed
space dependent analyses of the sample.7–9 However, Raman
spectroscopy shows limited viability when analyzing amor-
phous or metallic samples, yielding spectra with low informa-
tion or no signal at all. While the active electrocatalyst for the
OER is iridium oxide, industrial membrane electrode assemblies
(MEAs) for PEMEL often utilize metallic iridium.4 Upon application
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of an oxidative potential, the active IrOx catalyst is then formed on
the iridium surface.10,11 For Raman studies of the catalyst layer the
metallic iridium precursor is challenging, as it is not Raman active.

While laser induced change of the analyte is undesired most
of the time in Raman experiments, the in situ transformation
can instead be utilized to introduce Raman active species into
samples which are not Raman active themselves or show only
broad signals which are hard to interpret. This allows an
indirect analysis of the original material, as the transformation
product now yields defined Raman signals which can be used
for interpretation. The analyte exhibiting low information con-
tent in its spectra is thereby converted to a species exhibiting
higher information content. Similar procedures were applied
for titanium oxides, iron oxides, vanadium oxide,12 magnetite,13

bismuth,14,15 titanomagnetites,16 chromium,17 graphene18 and
uranium oxide.19 Depending on the material, laser irradiation
can cause crystallization as well as oxidation. Witke et al.
examined the laser induced transformation of anodically grown
amorphous vanadium oxide films. Depending on the synthesis
parameters for the amorphous oxide, crystallization to either
V2O5 or V2O9 occurred upon laser irradiation. Thus, Raman
spectra of the transformed materials can be utilized to probe
for information about oxidation state of the original amorphous
material.12 Energy input into the sample plays a significant role in
the transformation process, so the laser wavelength, as well as
laser power and laser spot size – i.e. the irradiation density – are
significant factors. In the case of titanomagnetites, the titanium
content affects the laser power for which the transformation
occurs, where the power threshold for the oxidation decreases
with higher titanium content. This trend correlates with changes
in the distribution of Fe2+ and Fe3+ ions in tetrahedral and
octahedral sites. The study shows that laser power can be a
conclusive parameter for the analysis of material composition.16

Lastly, morphology of the sample, like particle size and surface
texture influence laser induced phase transitions as well.15 While
the aforementioned studies clearly demonstrate the utility
of laser induced transformation in Raman experiments, no
application-oriented use case has been published yet.

In this work, laser induced oxidation Raman spectroscopy
is utilized in an iridium OER electrocatalyst of pre- and post-
operation PEMEL membrane electrode assemblies to yield
insight into the influence of electrolysis-operation on the
electrocatalyst material. By performing Raman measurements
at different laser powers and observing the laser induced
formation of iridium dioxide, differences in oxidation sensitivity
were probed. As reference, iridium powders with varying particle
sizes were analyzed in a similar fashion. We report successful
implementation of LIORS as a time sensitive and straightforward
method to analyze the influence of electrolyzer operation on the
OER electrocatalyst in an industrial context. A less elaborate
version of LIORS was utilized in our group to analyze the chemical
nature of formed structures inside a postmortem MEA.20 To our
knowledge, this is the first implementation of this method in an
application-oriented use case. As it enables qualitative assessment
of materials properties like particle size, morphology and oxida-
tion, it is complementary to microscopic techniques like scanning

and transmission electron microscopy, as well as methods for
particle size analysis like DLS and SLS. Furthermore, rapid
assessment of particle size and morphology provided by LIORS
can be complementary to methods yielding structural and
chemical information like XRD, XPS and EPR.

Experimental
Materials

Ir powders with max. particle sizes of 850 mm and 50 mm with
99.99% and 99.9% purity respectively were sourced from Good-
fellow (Huntingdon, United Kingdom). Iridium black with a
purity of 100% was acquired from Fuel Cell Store (Bryan TX,
USA). The hydrodynamic diameter of the iridium black parti-
cles was determined to be 0.7–0.9 mm via DLS. All iridium
powders were used as obtained. The investigated membrane
electrode assemblies (MEAs) consist of a web-reinforced per-
fluorosulfonic acid (PFSA) membrane with an iridium-based
anode and a platinum-based cathode. The MEA samples were
stored in a climate chamber at 28% relative humidity and 25 1C
until further use.

DLS

Size distribution of iridium black particles was determined by
dynamic light scattering (DLS). Various experimental para-
meters were tested and the ones resulting in the lowest particle
sizes were utilized for DLS measurements. Especially the use of
the ultrasonic probe resulted in significantly diminished parti-
cle sizes, suggesting the prevention of agglomeration. Iridium
black was suspended in 6 ml of 2-propanol with the help of an
ultrasonic probe (24 � 5 s, Q700 sonicator, Qsonica, Newtown
CT, USA) and a sonic bath (20 minutes). 1 ml of the suspension
was then diluted with 2 ml 2-propanol transferred into poly-
styrene disposable cuvettes. Finally, they were placed inside
the instrument (Litesizer DLS 500, Anton Paar, Ostfildern-
Scharnhausen, Germany). The measurements were performed
with automatic angle selection using the Kalliope software and
2-propanol was selected as a solvent. The wavelength used was
658 nm, and the temperature was maintained at 25 1C.

Raman

Raman experiments were performed on a WITec (Ulm, Germany)
Alpha 300R Raman microscope. A 532 nm laser, a Zeiss EC
Epiplan-Neofluar HD Dic 50�/0.8 objective and a 300 g mm�1

grating were utilized. Spectra were measured with 10 accumu-
lations and an integration time of 5 s per accumulation. The
laser powers are measured using the WITec True Power device
and corrected using factors accounting for power losses through
the whole beam path. Thus, the stated laser power densities and
doses are the actual energy input into the sample. For each
measurement position, power series with increasing and subse-
quently decreasing laser power were performed. Depending on
the sample, the intervals in which the power increases were
adjusted. For samples that were estimated to be more stable
towards oxidation, larger intervals were used for the lower

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

5 
2:

03
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4CP03592E


2572 |  Phys. Chem. Chem. Phys., 2025, 27, 2570–2577 This journal is © the Owner Societies 2025

power ranges. Intervals were reduced moving towards the esti-
mated power range in which oxidation takes place. The laser
spot size was determined from microscope images of the laser
spot on the pristine MEA sample (Fig S1, ESI†) in Fiji21 and
averaged over three measurements. Laser power and laser dose
are normalized to the laser spot size of 37.13 � 13.01 mm2.

XRD

To assess the crystallographic structure of the pristine and
cycled MEA, X-ray diffraction was carried out using an Empyrean
diffractometer from Panalytical (Almelo, Netherlands). A Cu Ka
radiation source (l = 0.1540 nm, 40 mA) operated at 40 kV in
Bragg–Brentano-geometry and pixel3D detector was utilized. XRD
spectra were recorded in reflection mode in steps of 0.0130,
60 s counting time per step, and with 2y values ranging from
10 to 1401. Three repetitions of measurement were done for each
sample. The samples were placed on a SiO2 substrate and Kapton
foil was used to secure the sample. The obtained XRD patterns
were analyzed and referenced using crystallography open data-
base (COD) (Ir: COD #96-900-8471, IrO2: COD # 96-154-8818).

Results
Influence of iridium particle size

Raman spectra of IrO2 exhibit the four phonon modes of
the crystal lattice, namely the A1g, B1g, B2g and Eg modes. A1g,
B2g and Eg modes are dominant in the spectrum, as the B1g

modes intensity is smaller by a factor of 10 or more compared
to the other modes. The exact peak shift and signal broadening
can vary depending on used substrate and synthesis. A1g and
B2g modes often appear as one signal as they tend to overlap
due to these variances in shift and signal broadening.22–24 This
work also discusses samples that were operated in PEMEL,
which leads to formation of rather amorphous mixed oxides.25

While IrO2 has a defined stoichiometry and long-range order,
IrOx is a mixture of different oxidation states of iridium. The
IrOx discussed in the literature is either electrodeposited
(EIROF)26,27 or anodically grown (AIROF)25,28 in an aqueous
environment, which leads to implementation of hydride and
hydroxide species into the material. Raman spectra of IrOx

show a broad band in the same wavenumber range of IrO2

consisting of a variety of individual signals.29 These signals
were assigned to various kinds of Ir–O vibrations with different
Ir oxidation states based on theoretical calculations.27,28

Depending on the composition of IrOx the exact shape of the
band can therefore differ.

The declared particle sizes for the powders utilized in this
work refer to the maximum particle size stated by the supplier.
SEM images of the three powders (Fig. S3, ESI†) exhibit distri-
butions of overall shape, size and surface morphologies. The
850 mm powder consists of rough irregular shaped particles,
larger ones in the range of 200–600 mm, few smaller particles
with sizes below 100 mm as well as finer dust with sizes below
10 mm. The 50 mm powders particles exhibit similar shapes,
but a narrower size distribution between 1 and 50 mm and

increased amounts of the finest particles. Surface morpholo-
gies of the 850 and 50 mm powder particles are porous and
resemble a ligament-like structure. The ligaments found on the
surface of the 50 mm particles are generally smaller than the
ones of the 850 mm powder. The Ir black powder on the other
hand is made up of interconnected platelets with sizes of
around 1 mm. The platelets themselves exhibit a rough surface
which is observable at higher magnifications. For the Ir black
powder it is challenging to identify distinct particles.

Representative laser power series spectra for iridium pow-
ders with a max particle size of 850 mm are depicted in Fig. 1a.
The full data are depicted in the ESI† (Fig. S5, S7, S9, S16 and
S18). The laser doses are computed considering the sum of the
laser energy absorbed by the sample during the laser power
series up to that point. In Fig. 1a, no IrO2 signal is observable
for lower laser powers. IrO2 bands start to appear in the range
of 0.47� 0.06 mW mm�2. These signals persist when decreasing
power again, even below 0.47 mW mm�2 in which they were not
visible before the laser induced oxidation. The Raman data
confirm that the iridium powder is oxidized by laser irradiation
upon a certain threshold laser power density, which is sup-
ported by the persistence of the IrO2 signal.

Moreover, a shift of the IrO2 bands to higher wavenumbers
and separation of the A1g and B2g bands is visible for decreasing
powers. The observed peak shifts can be explained by thermal
changes in the IrO2 lattice. In order to visualize this effect more
clearly for the examined system, a spot on the 850 mm powder
was irradiated with 0.74 mW mm�2 for 200 s to form IrO2.
A laser power series was performed subsequently on the same
position with a power density range of 0.07–0.59 mW mm�2.
The results are depicted in Fig. 2. The increase in laser power
leads to a reversible shift of the signals to lower wavenumbers.
Upon subsequent decrease in laser powers, the signals shift
back to higher wavenumbers, as already observed in Fig. 1a.
In Raman spectra of solid materials, a redshift is observed at
increasing temperatures, which can be attributed to thermal
expansion of the lattice and changes in phonon occupation
numbers.30–32 The observed redshift for increasing power sug-
gests an increase in local temperature, while the blueshift upon
subsequent decrease in power indicates a decrease in local
temperature. Thus, the observed laser induced oxidation is a
thermally activated process.

The power series experiments for the max. 50 mm Ir powder
are depicted in Fig. 1b. In the lower power range, broad bands are
observed in the spectra. These bands exhibit similarity to those
observed for the amorphous iridium oxides, indicating that the
max. 50 mm powder is already oxidized before the experiment.25–29

The 50 mm powder oxidizes in a range of 0.12 � 0.06 mW mm�2,
which is a significantly lower power range than the 850 mm
powder. The Eg band shifts in a similar wavenumber range as
for the 850 mm powders during the power series (Fig. S5–S10,
ESI†). Less energy input is required before oxidation occurs, and
the peak shifts reveal that the required oxidation temperatures
are reached at lower laser powers for the finer powder.

For the iridium black powder, which is a high-surface-area
iridium metal powder for the use as catalyst (Fig. 1c), this trend
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is even more pronounced. Similar to the 850 mm powder, no
oxide signal is present in the spectra at low laser powers. IrO2

bands start to occur in the range of 0.019 � 0.015 mW mm�2,
in which the same shifts in wavenumber occur as for the
larger particles. It is evident that the iridium black powder
is highly sensitive towards oxidation, as the required activa-
tion temperature and therefore the beginning of the oxida-
tion processes is reached at very low laser powers. Based on
the examination of the three iridium powders with LIORS,

it can be stated that lower particle sizes result in higher
oxidation sensitivity of iridium powders. As the peak shifts
suggest, this is likely correlated primarily to the heat capacity
of an iridium particle. Smaller particles consist of less
material that can take up heat, therefore a lower mass of the
iridium particles results in decreased heat dissipation away
from the irradiated surface. Thus, the transformation tempera-
ture at the laser spot is reached at lower powers for smaller
particles due to their lower heat capacity. Further correlations

Fig. 2 (a) Laser power series of in situ formed IrO2. Redshift of all IrO2 Raman bands and merging of the A1g and B2g bands is observable upon increase of
laser power. (b) Weighted position (see the ESI†) of the Eg band vs. laser power density. The green plot depicts the Raman shifts while increasing laser
power, the red plot displays the same for diminishing powers. It is evident that peak shifts are reversible upon subsequent decrease of laser power,
showing a temperature dependence of the lattice vibrations.

Fig. 1 Laser power series of iridium powders with particle size of 850 mm (a), 50 mm (b) and 0.7–0.9 mm (c). Amorphous Raman bands are observable in
the low laser power spectra of the 50 mm powder. Bands of crystalline IrO2 (Eg @ 550 cm�1, A1g + B2g @ 720 cm�1) are observable at high laser powers,
indicating an oxidation of the iridium metal. Sensitivity to laser oxidation increases with decreasing particle size.
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between the laser power and particle size are discussed in
the ESI.†

Pre- and post-operation MEA samples

As seen in the X-ray diffractogram (XRD) in Fig. 3, the bulk of
the material remains iridium metal after electrolyzer operation,
but the broad reflexes of IrO2 increased slightly. The broad
nature of the IrO2 reflexes demonstrate that the iridium oxide
is amorphous. Laser power series were performed on pre- and
post-operation PEMEL anodes. The resulting spectra are depicted
in Fig. 4. Broader bands are visible in the spectra of both the
pristine and operated sample even before significant IrO2 peaks
are observable. The occurrence of these bands suggests the
presence of amorphous IrOx, supporting the XRD data. IrOx

bands are more pronounced in the spectra of the operated
sample, which is caused by in situ oxidation of the metallic
iridium during electrolyzer operation.10,11 SEM images of the
operated sample show an enlargement of the structural features
seen in the SEM images for the pristine sample (Fig. S15, ESI†).
This is likely due to the buildup of an oxide layer. In Fig. 4a and b,
both the pristine and the operated MEA sample roughly oxidize
at comparable laser power onset as iridium black in Fig. 1c.
Moreover, the temperature-related peak shift is observable in the
same wavenumber range as in the iridium powder experiments,
demonstrating again that comparable activation temperatures are
reached during oxidation. This observation is complemented by
SEM images of the iridium black powder and the MEA (Fig. S3 and
S15, ESI†). As the iridium black sample is applied to the SEM
sample holder as a loose powder, the image exhibits more depth of
field compared to the MEA surface. However, the rough surface
morphology of the MEA samples and the iridium black powder is
of a similar nature, explaining the comparable oxidation behavior.

In order to highlight the differences between pristine and
operated MEA iridium catalyst morphology, a statistical analy-
sis of Raman oxidation behavior was performed. Fig. 5 depicts

the peak intensities of the Eg band versus the laser power for the
pristine and operated MEA anode. The measurement para-
meters are kept the same for both samples and the samples
are similar except from the operation in electrolysis. Further-
more, three spots were measured for each sample for sufficient
statistical significance. Thus, the absolute intensities deter-
mined via this method reflect a higher IrO2 concentration
or increased crystallinity and are a conclusive parameter for
comparison even without normalization. In Fig. 5, the operated
sample shows higher signal intensities of the IrO2 Eg band at
lower laser powers compared to the pristine sample. As con-
cluded from the reference experiments, a lower oxidation onset
laser power is correlated with a lower particle size. Iridium
dissolution is a well-known process included in most of the
suggested catalytic cycles for the OER.33,34 Previous studies
have found, that anode electrocatalysts tend to corrode and
migrate into the membrane during electrolysis.35,36 These
findings support the observations, as the catalyst dissolution
would result in smaller particle sizes. The prior electrochemical
oxidation of the catalyst due to the operation in electrolysis

Fig. 3 XRD of the pristine and operated sample normalized to the area of
the Ir(111) reflex at 401. Both samples primarily show iridium reflexes and
only weak, broad IrO2 reflexes. The broadness of the IrO2 shows that
rather an amorphous IrOx is present in the samples instead of crystalline
IrO2. IrO2 reflexes are slightly more intense after electrolyzer operation.
Thus, while the bulk of the material is iridium for both samples, the amount
of IrOx increased after operation.

Fig. 4 Laser power series performed on the anode of the pristine (a) and
operated MEA (b) samples. Amorphous IrOx signal is observable at the
lower laser powers, indicating some degree of pre-oxidation. This pre-
oxidation is more pronounced in the spectra of the operated sample.

Fig. 5 Intensity of the Eg band vs. laser power density from the laser
power series of the pristine and operated anodes. Standard deviation of
the intensity is depicted as the filled area around the plot. An oxidation
onset at lower laser power density is observable for the operated sample.
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could also favor laser induced transformation, as a thin amor-
phous iridium oxide layer forms during electrolysis.

As demonstrated before, the laser powers at oxidation onset
are mostly influenced by the heat capacity of the material, as it
represents the energy input into the sample before the trans-
formation temperature is reached. The band shift at oxidation
onset yields insight about the temperature at which the trans-
formation starts. Temperature correlates with the activation
energy for the transformation, which is predominantly influ-
enced by the chemical composition of the educt. In order to
study these dependencies, spectra in which the first IrO2 signal
was observable were selected from the laser power series. The
Eg band position was deconvoluted using Gaussian functions.
Depending on the presence of amorphous signal, an additional
background fitting model was applied. To account for other
influences on the Raman shift, linear regression was utilized to
interpolate the Eg band position to 0.0 mW mm�2 from the plots
in Fig. S6, S8, S10, S13 and S15 (ESI†). Linear regression was
chosen as an approximation, as the dependence of the shift on
the laser power is close to linear (Fig. 2b and Fig. S4, S6, S8, S17
and S19, ESI†). The difference between Eg shift at oxidation
onset and the interpolated Eg shift at 0.0 mW mm�2 is com-
puted. Thus, the y-intercept of the linear plot is utilized to
compensate for the general difference in shift that each
measurement spot could exhibit. Therefore, only the tempera-
ture dependent change of the shift is considered. The values
obtained by this method are plotted against the onset laser
power density in Fig. 6. Both parameters are averaged over the
three experiments that were performed for each sample.

In addition to the dependence of oxidation laser power on
the particle size, the reference and MEA Ir samples can be
distinguished by Eg band shifts during oxidation onset. The
50 mm powder exhibits the largest redshift of 15 cm�1 upon
oxidation onset, followed by the MEA samples (10 cm�1 for

pristine MEA, 8 cm�1 for operated MEA). Similar redshifts of
8 cm�1 are observed for the 850 mm powder and the lowest
redshifts at 4 cm�1 occur for measurements on the iridium
black powder. Comparing the three examined powders, the
50 mm powder significantly differs from the other two particle
sizes. The increased redshift suggests that a higher temperature
is needed for the transformation process. In the Raman spectra
of the 50 mm powder, intense amorphous bands are observable
at lower laser power. These bands were absent or significantly
less intense for the laser power series of the other two powder
samples. As stated by the manufacturer, the purity of the 50 mm
powder is 99.9%, while the purity of the 850 mm powder is
99.99%. The iridium black powder is rated with a purity of
100%. The declared purities correlate with the observed differ-
ences in redshift. A higher amount of impurity results in a
higher activation energy for the transformation process. These
findings would be counterintuitive if the impurity is amor-
phous IrOx, as the shape and shift of the observed signals for
the 50 mm powder indicate. Already oxidized iridium species
are expected to be more prone to the formation of IrO2. The
amorphous signal observed for the 50 mm sample, while
exhibiting similar Raman shift and shape as amorphous IrOx,
is exceptionally intense compared to the other samples. This
indicates that differences in impurities may affect the trans-
formation process.

Comparing the pre- and post-operation MEA, the operated
sample exhibits lower Eg band shift upon oxidation onset. The
trend is not completely clear in terms of standard deviation but
may be more prominent for longer operated MEAs. Also, as
seen in Fig. S20 (ESI†) it seems that high standard deviations
are mainly caused by single outliers, so a higher number of
measurements per sample could manifest the trend more
clearly. The increased presence of already oxidized iridium
species for the operated MEA favors the formation of IrO2 by
laser irradiation. Instead of oxidation of iridium metal, crystal-
lization of the amorphous IrOx to IrO2 occurs, explaining the
difference in energy needed for the transformation process.

Conclusions

In conclusion, we demonstrate that iridium OER catalysts are
subject to significant material transformation upon laser irra-
diation which can be easily tracked via Raman spectroscopy in
a novel approach we term ‘‘laser induced oxidation Raman
spectroscopy’’ (LIORS). The investigated catalysts exhibit signi-
ficant differences in laser power required for material trans-
formation as a function of particle size and composition. Not
only catalysts in powder form can be analyzed with this
approach, but also further processed material in MEAs pre-
and post-operation can be investigated. Here, the investigated
MEAs showed similar behavior to iridium black due to similar
particle sizes. Oxidation onset occurred at lower laser powers
for the operated sample compared to the pristine MEA, indicating
diminishing particle size possibly due to iridium dissolution or
electrochemical surface roughening. Thermometric analysis of

Fig. 6 Eg band shift relative to the Eg band shift at 0.0 mW mm�2 vs. laser
power densities on oxidation onset with respective standard deviations for
all examined samples. Spectra in which the first IrO2 signal was observable
were selected and Eg band shift was obtained from deconvolution of the
spectra. Deconvolution was used due to the weakness of the Eg band and
overlapping with other signals for most of the measurements at oxidation
onset. The Eg shift at 0.0 mW mm�2 was determined by interpolation from
the data in Fig. S6, S8, S10, S17, and S19 (ESI†).
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the Raman data reveals an additional impact of chemical compo-
sition. The operated sample formed IrO2 at lower temperatures, as
partial oxidation of the catalyst diminishes the activation barrier
for the transformation to IrO2. In this case a crystallization of the
amorphous oxide rather than oxidation of iridium metal occurs.
As the performance loss of the electrolysis cell correlates with
the electrocatalyst oxidation sensitivity, it is conceivable that a
LIORS procedure specifically optimized for the analysis of
iridium-based materials can be effectively utilized for morpho-
logical and chemical analysis of iridium electrocatalysts. In industry,
this approach could provide a straightforward degradation analysis
of MEAs and an in-line compatible quality control tool for
electrolyzer production. Furthermore, a sensible combination
of in operando Raman analysis of the iridium catalyst during
electrolysis and LIORS of the post-operation samples could
provide detailed insights into the OER mechanism and catalyst
degradation. Finally, it must be noted, that the laser powers that
caused transformation of the electrocatalysts were very low
compared to the usually employed power levels in Raman
spectroscopy. The iridium catalyst’s high oxidation sensitivity
must be considered in Raman experiments in order to prevent
distortion of measurement results.
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