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Ir-based electrocatalysts are crucial for oxygen evolution reaction (OER) in acidic media. Herein, the OER ac-
tivity of Ir nanoparticles, produced by thermal annealing from iridium(III) bromide hydrate, is compared when
deposited on carbon and titanium(IV) dioxide supports. Samples were investigated using Raman spectroscopy,
but due to a small amount of Ir nanoparticles on supports only low intensity bands can appear. It is worth noting
that other rare Raman literature (see Introduction) deals with bulk Ir-films/discs with a much larger amount of Ir
in samples. Our results show weak bands of Ir-oxide at 548 (Eg) and 719 (Bag + A1g) em ™! for the degraded states
only. This indicates the degradation of Ir nanoparticles through oxidation on both investigated supports.
Structural characteristics of supports and Ir nanoparticles were also investigated using X-ray diffraction and
energy-dispersive X-ray spectroscopy. Electrochemical characterization shows that the OER activity of the Ir

nanoparticles on carbon is significantly higher than that on TiO,.

1. Introduction

Electrocatalysis is an important field of application for Ir-based
materials. Despite its scarcity and high cost, iridium continues to be
intensively researched for its use in proton exchange membrane (PEM)
water electrolyzers, which can be used for efficient hydrogen production
[1-3]. The main reason for its prevalence is the fact that iridium displays
the best compromise between the activity for the oxygen evolution re-
action (OER) and stability when water splitting occurs in an acidic
environment [4]. Therefore, iridium will remain attractive even though
its feedstock is at a critical level and may not be sufficient for practical
technological needs [5]. Researchers are looking for an efficient way to
reduce the Ir load on electrodes, for example, by using Ir nanoparticles
deposited on various suitable supports. Advantageous properties of
supported electrocatalysts are (i) high surface area-to-mass ratio, (ii)
dispersion of the nanoparticles over the surface of the support, which
prevents their aggregation, (iii) higher electrical conductivity and (iv)
maximizing the exposed effective catalytic surface area [6].

In addition to the high price and scarcity of Ir, an important disad-
vantage of OER is also the lack of stable and economical supporting
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materials at high voltages. The necessary requirements are a large sur-
face area, long-term stability, and sufficiently high electrical conduc-
tivity (>0.1 S/cm) [6,7]. Ir-based catalysts have been prepared on
various supports such as carbon paper [8], carbon nanotubes [9],
self-aligned nanotubes [10], graphene oxide [11,12], antimony-doped
tin oxide (ATO) [6,13], TiONy support [14,15], and TiOy [6,16-21].
Carbon materials are reasonably stable under oxygen reduction reaction
(ORR) conditions, but not sufficiently stable under severe OER condi-
tions and elevated temperatures. Alternatively, when Ir is used in
combination with TiO,, conductivity becomes a major issue which re-
quires higher loadings of the electrocatalyst. The question remains how
to find the best compromise between the high surface area of the support
and the amount of Ir required to create a conductive network of nano-
particles [22,23]. Specifically, the supports have a major impact on the
long-term stability and functionality of the electrocatalysts.

The literature on mechanisms in various Ir-based materials during
OER is extensive [1,2,24], as is the study of supports [6,9,10,13]. Un-
derstanding the reasons for Ir instability during OER is crucial for all
technological applications. A number of techniques have already been
applied to investigate mechanisms, and in our previous work we have
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used identical location-TEM (IL-TEM) [25], extended X-ray absorption
fine structure (EXAFS),'# X-ray absorption near edge structure (XANES)
and electrochemistry combined with an inductively coupled plasma
mass spectrometry (EC-ICP-MS) [3], alternating current (AC) voltam-
metry [26] and many others to gain insights into the functionality,
stability and degradation of Ir-based electrocatalysts and supports.
Recently, however, Raman spectroscopy has attracted our attention as it
has rarely been used to study Ir-based materials and may still offer much
room for important insights into electrocatalytic processes.

Raman spectroscopy is known to provide a vibrational fingerprint of
the materials under investigation. In addition, this method is sensitive to
the local environment, i.e., it reflects the crystalline and amorphous
character of compounds, micro crystallinity, impurities, and defects [27,
28]. It is usually characterized as a non-destructive technique and is easy
to use for a variety of samples. However, the detection of Raman spectra
on dark- or black-colored samples — as often used in electrocatalysis - can
be challenging. In Raman measurements, the dark-colored sample can
absorb the excitation laser beam, leading to thermal emission and
eventually decomposition of the sample. Therefore, the measurement
conditions for such samples must be carefully selected to prevent the
material from changing, burning or fluorescing due to excessive laser
power. Often the signal-to-noise ratio has to be sacrificed to obtain
spectra even when the material is measured as a bulk or in the form of a
film. Much more questionable is the detection of nanoparticles that are
dispersed on the support. A question that appears is how to find a
suitable site with enough Ir nanoparticles for the measurement. It is
important to note that metallic Ir does not show any experimental bands
in the Raman spectra, which means that only eventual oxidation of Ir
nanoparticles can be observed, for example, with degradation.

Raman studies found in the literature report on the in-situ behavior of
electrochemically deposited hydrous IrOy films [29-32]. They were
deposited on Ir foil [30], glassy carbon electrode [32] or roughened Au
[29,31]. The Au is roughened to enhance the intensity of the bands in
the spectra through the effect of surface-enhanced Raman spectroscopy
(SERS). In all these studies, broad overlapping bands were found, which
were ascribed to different Ir-O stretching vibrations. Using electrolytes
prepared from deuterated water and the isotope ‘20, it was suggested
that these broad bands mostly belong to the Ir(IV) state, while the band
at 602 cm ! [30] (and 608 cm~! [32]) was attributed to Ir(III). These
assignations were made according to the work of Huang et al. [33] who
reported the Raman vibrations of a rutile IrO; single crystal as distinct
bands at 145 (B1g), 561 (Eg), 728 (Bag) and 752 (Ary).

In contrast to these mentioned works on Ir-based films [29-32],
herein we aim to show — to our knowledge for the first time - whether the
Raman spectra of Ir nanoparticles on supports can be detected despite
their relatively small amount. Since Ir metals do not have Raman
spectra, only oxidation during activation/degradation can be detected.
Our measurements are performed directly on the drop-casted samples of
Ir nanoparticles on two types of supports, i.e., carbon black (CB - Vulcan)
and TiO, (P25). Carbon black was chosen as it is the most common
support for electrocatalysts in general, even if it is not stable enough
under OER conditions. Nonetheless, a feasibility study of Raman spec-
troscopy of Ir nanoparticles deposited on carbon support might prove
useful for other reactions. On the other hand, Ir on TiO5 is commercially
available as an OER catalyst (Umicore). The lack of conductivity of TiO5
is counterbalanced by a sufficient Ir loading (>40-60 wt%) [17,23,34].
In our experiments, the loading of Ir nanoparticles was lower (21 wt%)
than in the commercial catalyst, as the goal was to determine if chemical
changes of highly dispersed iridium nanoparticles can be observed with
Raman spectroscopy, at the expense of good activity. Two distinctly
different supports were also chosen to see whether there was any effect
of metal-support interaction. X-ray diffraction (XRD) was used to gain
insight into the structure of the samples. Energy dispersive X-ray spec-
troscopy (EDS) was applied to detect the possible oxidation of metallic Ir
nanoparticles synthesized from iridium(III) bromide hydrate. The ex-situ
Raman spectroelectrochemical experiments in activated and degraded
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states of CB + Ir and P25+Ir samples were performed to mimic con-
ventional electrocatalytic studies in 0.1 M HClO4(aq) electrolyte.

2. Experimental
2.1. Electrocatalyst preparation

Iridium nanoparticles on TiO; (P25) and Vulcan supports were pre-
pared by first dissolving 70 mg of iridium(III) bromide hydrate (Sigma-
Aldrich) in 1 mL of MilliQ water (18.2 MQ cm) at 50 °C. The solutions
were then mixed with either 100 mg TiO, (P25) (Evonik Industries AG)
powder or 130 mg Vulcan XC72 (Cabot) powder (both lightly ground in
a mortar) at 50 °C until evaporated. The mixtures were then thermally
treated in a 5% Hy/Ar mixture. The temperature was raised to 450 °C at
a rate of 2 °C/min and maintained at 450 °C for 1 h. They were then
cooled to room temperature at a rate of 3 °C/min. The samples were
designated as CB + Ir and P25+Ir. Unsupported Ir nanoparticles were
synthesized by thermal annealing of pure iridium(III) bromide hydrate
using the same procedure as applied for the synthesis of CB + Ir and
P25+Ir.

2.2. Instrumental analysis

A high-resolution X-ray powder diffractometer PANalytical X’Pert
PRO MPD (PANalytical B.V., Almelo, The Netherlands) with alphal
configuration (CuKy A = 1.5406 A radiation) and a fully open scanning
X’Celerator detector was used to perform X-ray diffraction (XRD) mea-
surements. The diffractograms in the 26 range from 10 to 60° were
measured using a step size of 0.034° and an integration time of 100 s.
The X’Pert HighScore Plus program was applied to identify the phases
together with the PDF-4+ 2021 database of the International Centre for
Diffraction Data (ICDD) [35].

The morphology characterization of the samples was investigated by
field-emission Zeiss FE-SEM SUPRA TM 35 VP scanning electron mi-
croscope (SEM) coupled with an energy dispersive X-ray (EDX) spec-
trometer with a silicon drift detector EDX Ultim-Max 100 (Oxford
Instruments, Oxford, UK). The operating voltage of 7 kV was used for
SEM, and 20 kV for SEM/EDX analysis.

The electrochemical treatment of the samples was carried out in a
two-compartment, three-electrode cell. The setup was controlled by a
potentiostat (ECi-200, Nordic electrochemistry). The samples consisted
of an electrocatalyst deposited on a glassy carbon electrode (GCE)
mounted as a working electrode in a CTV 101 rotator (Radiometer
Analytical). To prepare a homogeneous film, first a 5 mgc,t/mL ink was
prepared by weighting some of the powdered catalysts and adding the
corresponding amount of Milli-Q water. Afterwards, the suspension was
in an ultrasonic bath for at least 10 min. Finally, 20 pL of the ink was
dropcasted on the GCE. The counter electrode was a carbon rod, and the
reference electrode was an Ag/AgCl (BaSi). The latter electrode was
placed in the second compartment to avoid contamination with C1™ ions.
The potential of the reference electrode was determined before the ex-
periments with respect to the reversible hydrogen electrode (RHE). The
0.1 M HClO4 electrolyte was prepared by mixing conc. HCIO4 (Suprapur
70%, Merck) with Milli-Q water. The electrolyte was saturated with Ny
during all experiments. Both types of samples were first measured in the
activated region, i.e. 0.05 to 1.45 Vryg, with 100 cycles at a scan rate of
300 mV/s and 1600 rpm. In the second step, the samples were exposed
to a constant current of 2 mA (1 h) at 3600 rpm to force degradation. The
degraded-longer samples were first activated and then exposed to 2 mA
for 2 h. Details of the electrochemical treatment prior to Raman mea-
surements are given in Table 1. The activity of the samples was
measured between 1.2 and 1.6 Vgyg for 10 cycles at a scan rate of 10
mV/s. The second cycle is shown. The CVs are corrected based on the
capacitive current at 1.2 Vgyg. The mass activity was evaluated at 1.6 V
vs RHE.

The Raman spectra were recorded on a confocal WITec alpha 300
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Table 1
The Ir samples with support, drop-casted onto GCE electrodes, and the condi-
tions used for their activation and degradation.

Sample State of the sample  Activation/degradation conditions
GCE/P25 GCE/P25 as-deposited (drop-casted)
GCE/ As-deposited as-deposited (drop-casted)
P25+1Ir Activated 100 cycles, 300 mV/s, 1600 rpm, 0.05 to 1.45
VRHE
Degraded 2 mA, 3600 rpm, 1 h
Degraded-longer activated, followed by 2 mA, 2 h
@)
GCE/CB + As-deposited as-deposited (drop-casted)

Ir Activated 100 cycles, 300 mV/s, 1600 rpm, 0.05 to 1.45
VRHE
Degraded 2 mA, 3600 rpm, 1 h

Degraded-longer
@

activated, followed by 2 mA, 2 h

GCE - glassy carbon electrode; 1. — longer; CB — carbon black; P25 — TiO,.

spectrometer. A green laser light of 532 nm was applied for excitation.
Raman spectra of Ir nanoparticles were measured on an Si wafer holder
using an integration time (IT) of 1 s and 100 scans, while the laser power
was gradually increased from 0.7 mW to 13.6 mW. Pure P25 (TiO5)
suspension was analyzed after drop-casting of an aqueous suspension of
P25 to GCE and dried. These Raman spectra were measured using an IT
of 0.5 s, 100 scans and laser powers from 1.4 mW to 13.6 mW. Ex situ
Raman spectra of drop-casted P25+Ir and CB + Ir samples on GCE - as
well as the initial drop-casted samples - were measured using a 20x
objective, IT = 0.5 s and 100 scans. The laser power was 1.4 mW-1.7
mW. Prior to Raman measurement, the samples were electrochemically
treated, carefully cleaned under a stream of MilliQ water, dried and then
transferred under the objective of the Raman spectrometer. Several
measurements of spectra were taken at distinct locations on the sample.

3. Results and discussion
3.1. Characterization of samples (XRD, EDS, Raman)

XRD patterns of powdered samples P25+Ir and CB + Ir are shown in
Fig. 1. The diffraction peaks of P25+Ir (Fig. 1a) are associated with
tetragonal TiO, (anatase) at angles of 20 = 25.3° (101), 36.9° (103),
37.8° (004), 38.6° (112), 48.1° (200), 53.9° (105) and 55.1° (211) (PDF
00-021-1272). Tetragonal TiOy (rutile) corresponds to diffractions at
angles of 20 = 27.5° (110), 36.1° (101), 54.3° (211), and 56.7° (220)
(PDF 01-083-2242). The two broader peaks at 40.7° and 47.3° belong to

A (101)

_ A (103)
A (004)

A(211)

R (110)

'R (220)

[ |

\'w“ b ; M,. M
Tl i
WW“*WWIW ww\ MW"N'WWWMMM \“‘M\wvw\./\«w.l-,wm-\m

20 30 50

h, i\
Mfwm\w M, ’

\

200 INtensity (a.u.) ., Intensity (a.u.)

10 60

20 (%)

Fig. 1. XRD pattern of the samples: a) P25+Ir and b) CB + Ir.
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(111) and (200) diffractions (PDF 04-001-0838) of cubic iridium
nanoparticles dispersed over the P25 support.

The XRD pattern showed that not only the anatase phase but also the
rutile phase is present in the commercial P25 compound, which is a
standard material in the field of photocatalytic reactions. Pure P25 XRD
pattern is shown in Fig. S1 in the Supplementary information. We calcu-
lated the presence of 88 % of anatase and 12 % of rutile phase. The
presence of both phases in P25 has already been reported in the litera-
ture, but the ratios vary. The most commonly, the ratio of anatase to
rutile is reported as 3:1 [36,37], but values such as 85 % anatase and 15
% rutile [38] or 80 % vs. 20 % [39] have also been found. The latter
value is given as a bulk concentration, while the reported surface values
are 90 % of anatase and 10 % of rutile [39].

The second XRD pattern in Fig. 1b reveals three broad diffraction
peaks of the CB + Ir sample. Two peaks are again associated with cubic
iridium at diffraction angles of 20 = 40.7° (111) and 47.3° (200) (PDF
04-001-0838). The third peak corresponds to hexagonal carbon at an
angle of 20 = 25.6° (002) (PDF 04-018-7559). The broad width of both
iridium diffractions indicates the nanoparticulate character of iridium.
Consequently, we calculated the average particle size on the basis of full
width at half the maximum (FWHM) of the peaks in the XRD patterns
(Fig. 1). It was found that the iridium nanoparticles are around 7 nm on
P25-+Ir, and significantly smaller for CB + Ir, with a size of around 2.2
nm. The variation in size is related to the different interaction of iridium
with the support material during the synthesis. This could be problem-
atic from the point of view to accurately compare the electrochemical
performances, as the activity is related to the number of active sites of
iridium, which are more numerous for smaller particles. However, the
goal of our study is to investigate the feasibility of Raman spectroscopy
to detect supported iridium nanoparticles and thus having different
supports, and also different particle size, allows us to screen both
parameters.

The Raman spectra of P25 (TiO3) deposited on GCE reveal similar
characteristics of the sample as the XRD patterns. Namely, Raman
spectra show predominantly the bands of anatase TiOs. Its presence is
indicated by the bands at 144 (Eg), 197 (Eg), 399 (B1g), 515 (Ag, B1g)
and 625 (Eg) cm ! (Fig. 2). Their positions and intensity ratios reflect
anatase as described by Ohsaka et al. [40] for its natural mineral. The
blue arrows denote the positions of the rutile TiO, bands described for
single crystal by Porto et al. [41] at 143 cm ™! (B1g), 447 cm! (Eg), 612
em™! (A1g) and 826 em™! (Bz2g). Fig. 2 shows only poorly resolved
shoulders at approximately 447 and 612 cm™! (marked with blue ar-
rows), i.e. at positions corresponding to the E; and A;g modes of the
rutile phase. The rutile band at 143 cm™! is overlapped by the very
intense mode of the anatase phase. The D and G bands belong to GCE
electrode and its Raman spectra are shown in Fig. S2 in the Supple-
mentary information.

The Raman spectra were also measured for unsupported Ir nano-
particles (Fig. 3). Namely, Ir nanoparticles were placed on an Si wafer
holder to measure the Raman spectrum of our home-made benchmark. It
is characteristic of metallic iridium that no bands appear in the Raman
spectrum. Indeed, when recording spectra using low laser powers (0.7
mW-1.4 mW), no bands were observed. As the power of the laser beam
was further increased, fluorescence gradually began to appear. Simul-
taneously, bands started to grow at 552 cm™! and 715 cm ™!, which
increased significantly in intensity at high laser power of 13.6 mW. The
positions of these two bands are close to those of the rutile IrO; single
crystal, as reported by Huang [33]. Specifically, these authors described
four allowed first-order active Raman modes: 145 ¢cm ™! (B1g), 561 cm !
(Eg), 728 em™! (B2g) and 752 em™! (A1g). The first one (145 cm 1) is of
very low intensity and is not discernible in our spectra (Fig. 3). The sharp
band at 170 cm™! is an instrumental feature that occurs when higher
laser powers are applied to reflective substrates (i.e. Si wafer was used as
a holder for Ir nanoparticles). The band at 552 cm ™! corresponds to the
Eg mode and the band at 715 em ™! corresponds to the overlapping Bog
and A1g modes of the oxidized Ir-based sample (Fig. 3). The overlap of
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Fig. 3. Raman spectra of Ir nanoparticles. All spectra were recorded at the same
position with increasing laser power from 0.7 mW to 13.6 mW * - The sharp
band at 170 cm ™! is an instrumental feature.

the Byg and A;g modes is not surprising as it has been observed in the
as-prepared Ir-based films [42], and IrO, deposited on carbon nanotubes
[9] or sapphire [43]. The shifts of the bands to lower wavenumbers (552
cm’l, 715 cm™ 1) relative to the single-crystal values [33] are consistent
with the increased disorder [44]. This experiment clearly shows how
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important is the power of the laser beam as an experimental condition
and that the use of too high laser powers can cause the oxidation of Ir
nanoparticles.

The prepared Ir nanoparticles were also analyzed using EDS (Fig. 4).
Interestingly, this technique showed that the sample consisted of 85.7 at.
% iridium and 14.3 at.% oxygen, indicating a partial oxidation of the
nanoparticles. However, the O/Ir ratio (0.16) is far from the IrO, ratio.
Moreover, this amount of oxygen has not yet been noted in the Raman
spectra obtained at low laser powers (Fig. 3). Therefore, one can spec-
ulate that only the surface is oxidized and the oxidized part formed as an
amorphous layer.

3.2. Electrochemical response

The electrochemical activity of Ir-based catalysts is influenced by the
degree of oxidation of the outer layer and thus by the activation pro-
tocol. In addition, the support can also influence the d-band level of
iridium and, consequently, the binding between the active site and the
reactants/products of OER. The impact of three different activation
protocols on the oxidation of iridium was previously studied with
Raman spectroscopy on iridium benchmarks, namely rutile IrO5 and Ir
black nanoparticles [44]. The effects of those three activation protocols
were also evaluated on the supported catalysts investigated herein (CB
+ Ir, P25+Ir), and a complete description can be found in the Supple-
mentary information (Discussion S3). Briefly, the long-range activation
(0.05-1.6 Vgyg) was good for CB + Ir but not adequate for P25-+1Ir, while
it was the opposite for the short-range activation (1.1-1.6 Vggg). On the
other hand, the activation protocol (0.05-1.45 Vgyg) resulted in good
activity for both CB + Ir and P25+Ir (Fig. S3).

Afterwards, the activity of the CB + Ir and P25+Ir supported cata-
lysts was recorded after various preparation states, i.e. as-deposited,
after activation (0.05-1.45 Vgyg), after degradation and after longer
degradation (Table 1). It can be observed that the activity is extensively
different for the two supported catalysts (Fig. 5 and S3). The profound
difference comes from the different particle size of iridium nano-
particles, the nature of supports and their conductivity. Indeed, TiO,
(P25) powder is not conductive (2 x 10710 o1 cm’l) [45] and thus
limits the transport of electrons to the iridium active sites, limiting the
efficiency of the reaction. On the other hand, carbon black does not have
this issue but lacks the stability under water electrolyser conditions that
are used in real devices.

The electrochemical treatment has a similar effect on both investi-
gated catalysts. Namely, the activation protocol boosts the activity of
both electrocatalysts, with an increase from 276.8 mA/mg;, for the as-
deposited state to 344.7 mA/mgy, after the activation for CB + Ir, and
an increase from 3.42 mA/mgy; to 6.66 mA/mgy, in the case of P25+Ir.
This increase is due to the formation of more active hydrous oxides on
iridium nanoparticles as observed on the benchmarks [46,47]. After-
wards, a quick degradation test was performed to evaluate how the
catalyst would react under intense OER. Therefore, a constant current of
2 mA (around 10 mA/cm? as advised for WE testing [48,49]) was
applied to the electrode for 1 h and 2 h in two distinctive experiments
(degraded and degraded longer). The short time of the experiments was
chosen to avoid the burning of the carbon support for CB + Ir and the
total passivation of TiO, in the case of P25+Ir. At the same time,
modification of the iridium under OER conditions such as oxidation or
other chemical modification would appear quickly. The goal of the
protocol is more focused on observing possible iridium chemical
changes than destroying the catalysts. Nonetheless, the short time of the
degradation protocol was sufficient to induce reduced activity as
observed in Fig. 5. More specifically, the degradation led to a decrease of
around 43 % while longer degradation resulted in even lower activity
(+£80 % decreased activity) in the case of CB + Ir. Similarly, the already
low activity of P25+Ir decreases even more after short degradation and
longer degradation. Therefore, even the hour-long degradation protocol
was sufficient to degrade the catalyst. The degradation can be either
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Fig. 4. EDS measurements of Ir nanoparticles. The measurement was performed on the whole visible area of the sample in Fig. 4A.
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Fig. 5. Activity of (a) CB + Ir and (b) P25+Ir at different stages of electrode treatment.

attributed to the support degradation, iridium dissolution, agglomera-
tion of nanoparticles or formation of less active rutile oxide [46]. Most
likely, all the different mechanisms are occurring at the same time and
play a role in the decrease of activity. Nonetheless, in our case, some
mechanisms are more probable than other. For example, iridium was
shown to dissolve following a transient dissolution [50,51] and thus the
chosen degradation protocol is unlikely to heavily induce iridium
dissolution. Similarly, agglomeration of nanoparticles is unlikely to
happen due to support interaction [22], the low loading and the high
dispersion of iridium nanoparticles. On the other hand, the support
degradation should be carefully considered and could play an important
role in the loss of measured activity (further passivation of TiOz or
carbon degradation). Therefore, the activity was normalized based on
the capacitive current to minimize the support degradation impact on
the measured activity. Finally, less active oxide can be created during
the degradation protocol and their detection, using Raman spectros-
copy, is the goal of this study. The overall determination and separation
of all the degradation mechanisms (which, most likely, are all happening
to a different level) would require extensive investigation. Hereby, we
focused on what process can be detected using Raman spectroscopy on
as-prepared, activated, degraded and degraded longer states (Table 1).

3.3. Ex situ Raman measurements

The aim of this study is to check whether it is possible to obtain any
formation of Ir oxide after activation and degradation of the P25+Ir and
CB + Ir samples using Raman spectroscopy. The challenge is whether we
can detect spectra of Ir nanoparticles dispersed on the support and due to
low amount of iridium. Since the Ir metal has no Raman bands, only its
conversion to Ir oxide after activation or degradation could be detected.
In contrast to this work on Ir nanoparticles, the previous Raman studies
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were carried out on electrochemically deposited IrOy films [29-32].
The P25+Ir and CB + Ir samples were activated and degraded ac-

cording to the protocols in Table 1. After each electrochemical treat-

ment, the Raman spectra were recorded at different locations on the
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Fig. 6. Raman spectra of Ir black on CB support, deposited on the GCE elec-
trode: a) as-deposited, b) activated, c,d) degraded and e,f) degraded-longer
states. The measurements were performed using a laser power of 1.4 mW
(a—c), 1.6 mW (d) and 1.7 mW (e,f). The spectra (a,b,e,f) were measured at
different locations, while the spectra (c,d) were recorded at the same location.
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sample (Figs. 6 and 7). Both examples differ considerably, as the Raman
bands of the Ir oxide do not overlap with the bands of CB support
(Fig. 6), while they overlap considerably with the modes of P25 (Fig. 7).

Accordingly, the Raman spectra of the GCE/CB + Ir sample were
recorded in the as-deposited and activated states at different locations
but showed no presence of IrO, bands (Fig. 6). Several hypotheses can be
advanced to explain the absence of IrO5 bands. It could be due to Ir
nanoparticles remaining in the elemental form after activation, which
does not provide Raman spectrum. However, this would not explain the
increase in activity. Therefore, one can speculate that the Ir oxide is
missing precisely at these measurement locations, or its concentration is
insufficient to be detected. Anyway, when we further examined the
degraded and the degraded-longer samples (Table 1), the low intensity
bands at 552 and 724 cm ™! were observed (Fig. 6). These bands can be
ascribed to IrO, [33]. Their intensity is quite low, and with the aim of
increasing them somewhat, the laser power was enlarged slightly,
although we were approaching the range of laser power that can cause
oxidation of Ir to IrO (Fig. 3). However, even such an increase in laser
power did not contribute to an appreciable increase in the intensity of
the 552 and 724 cm ™! bands. This indicates that the IrO5 content at each
measured location was relatively low. We have to add at this point that
IrO5 bands were detected in the spectra shown in Fig. 6, whereas at
many other locations studied these bands were not observed. This is not
surprising since the CB + Ir sample contains 17 wt% Ir. Nonetheless, this
could indicate that the decrease in activity observed after degradation
(Fig. 5, Table 1) can partially be attributed to a change in intrinsic
iridium activity. Namely, iridium oxidizes to the more stable, but less
active, rutile-type structure.

In the case of the second support, the bands of IrO; overlap with the
bands of P25 (TiO) (Fig. 7). As mentioned above, the bands of support
P25 mainly show the presence of the anatase phase (Fig. 2) [40], which
is reported as its main component [36-38]. The anatase bands dominate
the spectra of the GCE/P25+Ir sample in the as-deposited and activated
states in Fig. 7Aa,b. The shoulders appearing at the positions of the rutile
bands are practically not visible (marked with blue arrows), which is
probably also due to the presence of 21 wt% Ir nanoparticles on the
surface of the TiO, particles. However, the most intense Eg; band of
anatase shifted from 142 cm ™! in the spectrum of GCE/P25 (Fig. 2) to
146 cm ! in the spectrum of GCE/P25+Ir sample in the as-deposited,
activated and some of degraded states (Fig. 7Aa-d). Such a blue shift
of the TiO; Eg band has already been described in the spectra of TiO2
nanoparticles coated with dodecyl benzenesulfonic acid or stearic acid,

-1 ©
<
3
o
2
‘@
c
% degraded
= D G R f
,, /S e
o S = d
g , SRR (—— c
activated b
as-deposited a

T T T T T T T
500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

International Journal of Hydrogen Energy 100 (2025) 214-221

i.e. due to the presence of the coating [52]. Similarly, our P25+Ir
samples exhibit Ir nanoparticles on the surface of TiO3, which may be a
reason for a similar blue shift. With the increase in laser power (Fig. 7,
scan c-f), this Eg band shifted further to 151 cm’l, which - together with
the increase in intensity of the 612 cm ™! — may indicate the conversion
of a small portion of anatase to rutile.

In addition, we can examine the GCE/P25+Ir spectra (Fig. 7) with
regard to the possible formation of IrO,. No IrO, could be noted in the
spectra of as-deposited and activated states, so, only one representative
spectrum is shown for each state (Fig. 7Aa,b). As we began to slightly
increase the laser power for degraded states, the shoulder bands of IrO4
at 552 and 724 cm™! started to appear (Fig. 7Ac-f). They are indicated
by vertical black arrows. At an even more aggressive degradation
(labeled as degraded-longer in Table 1), very little sample remained at
the GCE electrodes and Raman measurement was impossible. Anyhow,
the Raman measurements of Ir nanoparticles on two different supports
revealed that the presence of a very low amount of IrO, can be detected
after degradation. However, such measurements are tedious and time-
consuming since spectra need to be recorded at numerous locations to
get a good overview of the electrocatalyst sample in the case of low
iridium nanoparticles loading.

3.4. Conclusions

Ir nanoparticles synthesized from iridium(Ill) bromide hydrate
exhibited a small amount of amorphous Ir oxide, as evidenced by EDS
analysis. The possibility of Raman spectroscopy to detect eventual
changes of Ir nanoparticles on carbon black (CB) or P25 (TiO3) supports
was evaluated next. The metallic Ir is Raman inactive, while IrO, has
characteristic Raman modes at 752 (A1), 728 (B2g) and 561 (Eg) [33]. It
was found that IrO, modes were not present in the samples in the
as-deposited and activated states. However, IrO, was detected at certain
locations for degraded states for either CB + Ir or P25+Ir. The stability of
the Ir nanoparticles under a green 532 nm laser was also tested. This
revealed that increasing the laser power leads to oxidation to Ir oxide.
Caution is therefore needed with such measurements.

The activity of iridium towards OER is highly related to its oxidation
state. Therefore, the activation protocol and surface modification during
the reaction are of primordial importance. Hereby, we have shown that
Raman spectroscopy can help to uncover the oxidation of iridium, even
when in the form of nanoparticles highly dispersed on two different
supports. More specifically, the formation of Ir oxide could be observed
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Fig. 7. Raman spectra of Ir black on P25 (TiO5) support, deposited on the GCE electrode, in spectral range: A) 20-3600 cm ! and B) 20-2000 cm ! and for a) as-
deposited, b) activated, c-f) degraded states. The measurements were performed using a laser power of 1.4 mW (a—c), 1.5 mW (d), 1.7 mW (e) and 1.9 mW (f). The
spectra (a—c) were measured at different locations, while the spectra (c—f) were obtained at the same location. The dotted lines indicate the anatase bands. The blue
arrows depict the positions of the rutile bands. The vertical black arrows indicate the bands of IrO,. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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on both samples, CB + Ir and P25+Ir, after conducting degradation
procedures, relevant to water electrolyser conditions. However, com-
bination with other techniques such as online-ICP-MS (for dissolution
studies) or TEM (observation of degradation) are suggested to discern
the complete story of iridium degradation.
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