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Size-Controlled Synthesis of IrO, Nanoparticles at High
Temperatures for the Oxygen Evolution Reaction
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Jan Philipp Hofmann, Daniel Géhl, Marc Heggen, Serhiy Cherevko,

and Marc Ledendecker*

Iridium oxide is the state-of-the-art catalyst for electrochemical water
oxidation in an acidic medium. Despite being one of the rarest elements in
the Earth’s crust, there is a pressing need to maximize the utilization and
longevity of active iridium centers. While conventional low-temperature
synthesis can yield nanostructures with high mass-specific activity, they are

often insufficiently stable during water oxidation. Structurally ordered iridium

oxide is one of the most stable electrocatalysts utilized in polymer electrolyte
membrane water electrolysis that benefits from the chemically ordered
structure. However, its preparation requires thermal treatment at high
temperatures, which improves its durability but can also result in reduced
surface area and altered particle morphology. In this study, the challenge of
controlling nanoparticle size during the preparation of structurally ordered
iridium oxide is successfully addressed, which typically requires
high-temperature thermal treatment. By utilizing a silica nanoreactor as a

hard template, a precise control is achieved over the nanoparticle size during

1. Introduction

Polymer electrolyte membrane water
electrolysis (PEM-WE) is considered to
be a cornerstone for the sustainable gen-
eration of hydrogen.[*?] The efficiency of
the process, however, is still insufficient
and largely influenced by the sluggish
kinetics of the oxygen evolution reaction
(OER) at the anode. To overcome this,
researchers have turned to noble metal
catalysts such as iridium and ruthenium
oxide, which are currently considered
state-of-the-art materials. While ruthe-
nium oxide shows higher catalytic activity
under the harsh conditions of low pH
and high anodic operating potential, irid-
ium oxide is more dissolution resistant,

high-temperature thermal treatment. This approach maintains high durability
while avoiding the common problem of reduced surface area and altered
particle morphology. Specifically, this study is able to synthesize iridium oxide
nanoparticles at temperatures up to 800 °C, while keeping their dimensions

below 10 nm.

offering a better compromise between
electrochemical activity and stability.[>#]
At the same time, scaling-up PEM-WE to
Gigawatt level using scarce noble metal
catalysts demands maximized catalyst
utilization and extension of operation
times.>® For iridium-based materials,
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different catalysts have been studied to address this challenge
ranging from amorphous’! and crystalline iridium oxide® to
perovskites,®! pyrochlores,!'% or hollandites.!'!] Despite promis-
ing OER activity of amorphous iridium oxide and iridium-based
perovskites, their durability remains a major challenge and a
long-term operation is questionable.l'?] Structurally ordered
iridium oxide in the rutile structure (IrO,, ;) belongs to the
most dissolution-resistant catalysts under OER conditions with
orders of magnitude higher stability compared to its amorphous
and perovskite counterparts.'*] The compact rutile structure
with strong Ir-O bonds is not easily destabilized.'* ¢l Raising
the calcination temperature can enhance the stability of the
catalyst by eliminating structural defects and promoting greater
ordering and long-range arrangement of atoms within the
catalyst.[*] The disadvantage of crystalline IrO, ;. lies in the
low catalytically active surface area availability since the high
crystallinity prevents the utilization of underlying “sub-surface”
iridium centers. This leads to a high necessary overvoltage and
therefore low efficiency. Highly crystalline materials with high
surface-to-volume ratios are desired to combine high activity
with high durability. However, high calcination temperatures
inevitably induce a decrease in the surface area.l®!7'8] Novel
synthesis routes are required to obtain highly crystalline and
ordered iridium oxide while keeping the nanoparticle dimen-
sions. Classical synthesis methods encompass hydrolysis in
alkaline media,!*! sol-gel formation,?”! or precipitation in a
microemulsion.[?!] However, the reaction conditions are usually
mild and temperatures below 100 °C typically result in oxide
nanoparticles with low crystallinity and a high share of defects.
Much attention was drawn to hydrous iridium oxide, obtained
during continuous potential cycling of metallic iridium. Despite
remarkable OER activity, the stability is inferior compared to
thermally prepared iridium oxide.['?) The Adams* fusion method
has been effective in synthesizing crystalline iridium oxide, but
its application has been limited by the uncontrolled growth of
particles and morphological changes that occur at temperatures
>500 °C.18] As the particle sizes change with calcination time and
temperature, a fair comparison of structure performance indi-
cators from nanoparticles synthesized at different temperatures
cannot be obtained.

Here, we report the preparation of iridium oxide nanoparticles
with preserved size and morphology after thermal treatment at
temperatures up to 800 °C. The synthesis is based on the hydroly-
sis of iridium precursor in a water-in-oil microemulsion followed
by a sol-gel encapsulation with silica. Changes in surface prop-
erties at different temperatures were tracked by X-ray photoelec-
tron spectroscopy (XPS), the crystal structure was investigated by
X-ray diffraction analysis (XRD), size and morphology were char-
acterized by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and high resolution scan-
ning transmission electron microscopy (HR-STEM). A detailed
understanding of the nanoparticle dynamics during heating was
obtained by in situ scanning transmission electron microscopy
(in situ STEM) with locally resolved nanoparticles, high spatial
resolution, and chemical specificity. The OER activities of syn-
thesized iridium oxide nanoparticles were measured in half-cell
measurements at forced convection. The stability was probed by
operando scanning flow cell (SFC) measurements that were cou-
pled to an inductively coupled plasma mass spectrometer (ICP-
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MS). This is the first approach to generate iridium oxide nanopar-
ticles with similar size and morphology at high temperatures and
allows for the determination of activity and durability.

2. Results and Discussion

In a typical synthesis, we synthesized iridium oxide nanoparti-
cles via a water-in-oil reverse microemulsion at ambient condi-
tions. During the four-step process, as shown in Figure 1a, the
iridium precursor was first hydrolyzed to hydrated iridium oxy-
hydroxide (IrO, ,s(OH), ;,"1.5H,0) at room temperature and pH
10-11. The dispersed iridium-based aqueous solution was mixed
with an n-heptane-surfactant (Brij 30) mixture followed by hy-
drolyzation of tetraethyl orthosilicate (TEOS) to form the encap-
sulating silica shell. Prior to thermal treatment, synthesized irid-
ium oxyhydroxide nanoparticles were washed with acetone to re-
move surfactant residues and dried in air.

To start with the same material and to ensure similar parti-
cles sizes, the total sample amount was divided into three equal
fractions and thermally treated in synthetic air at 400, 600, and
800 °C with a 2 °C min~' temperature ramp followed by a 3 h
hold at the respective temperature. The protecting silica shell is
removed in a hydrofluoric acid-ethanol solution to obtain unsup-
ported, surfactant-free iridium oxide nanoparticles.

To monitor the temperature-dependent mass loss, thermo-
gravimetric analysis (TGA) analysis of the as-synthesized sam-
ple was performed up to 1100 °C (Figure S1, Supporting Infor-
mation). During the first weight loss in the region of 100 °C,
chemisorbed water is released. The weight loss between 200 and
800 °C is a joined effect of silanol condensation, surfactant de-
composition, and oxidation of iridium oxyhydroxide.l??] Above
900 °C, a weight loss of 3.23% may indicate partial decomposi-
tion of iridium oxide to bare iridium metal.[?324]

The silica encapsulated IrO, (IrO, @ SiO,) materials were char-
acterized by ex situ HAADF-STEM (Figure 1b-d). and HR-STEM
(Figure le—g) measurements to determine particle size distribu-
tion and morphology. At 400 °C (Figure 1b), multiple iridium ox-
ide nanoparticles with a Sauter mean dimeter of 3.5 + 0.8 nm
(Figure S2a, Supporting Information) are clustered within a sin-
gle silica sphere. While the HR-STEM image obtained (Figure 1e)
suggested the presence of some degree of order in the particles,
the level of crystallinity could not be conclusively determined
based solely on the micrographs. With the increase in temper-
ature to 600 (Figure 1c) and 800 °C (Figure 1d), the nanoparticles
within the silica spheres unite and form one central aggregate.
For both, the particle sizes are similar with a Sauter mean diam-
eter of 7.7 & 1.0 nm for IrO, calcined at 600 °C (Figure S2b, Sup-
porting Information) and 7.4 + 1.1 nm for IrO, calcined at 800 °C
(Figure S2c, Supporting Information). Raising the temperature
resulted in a noticeable improvement in the crystallinity of the
iridium oxide nanoparticles, as revealed by the HR-STEM images
(Figure 1f,g). By analyzing the atomic arrangement, the interpla-
nar distance could be accurately determined, which in the case
of IrO, calcined at 600 °C (Figure 1f) was found to correspond
to the (101) lattice plane orientation. More comprehensive infor-
mation on the size and morphology of the synthesized nanoparti-
cles, subjected to different annealing temperatures, can be found
in Figures S3-S5 (Supporting Information).

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic synthesis route of IrO, nanoparticles. Ex situ HAADF-STEM images of IrO, nanoparticles encapsulated in the silica shell thermally
treated at b) 400, c) 600, and d) 800 °C, white arrows indicating IrO, and SiO, phases. HR-STEM images of IrO, nanoparticles encapsulated in the silica
shell thermally treated at e) 400 °C and the associated grain boundaries between domains (inset), f) at 600 °C, and g) at 800 °C.
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Figure 2. a) XRD patterns (Cu K, radiation) of IrO,@SiO, samples at room temperature, 400, 600, and 800 °C and IrO,-ref. Miller indices indicated
for the three most intense reflexes of the sample. XPS analysis b) Ir 4f core-level spectra and (c) O 1s core-level spectra of silica-free IrO, nanoparticles
prepared at 400 (IrO,-400 °C), 600 (IrO,-600 °C), and 800 °C (IrO,-800 °C)and IrO,-ref. IrO,-ref. was additionally thermally treated at 1000 °C (IrO,-ref.
1000 °C) with a 2 °C min~! temperature ramp for 3 h in synthetic air atmosphere.

We performed a more detailed characterization of specifically
selected specimens calcined at 400, 600, and 800 °C to further un-
derstand the impact of temperature on the material’s structure.
XRD analysis of the as-prepared sample (Figure 2a) prior to ther-
mal treatment revealed the amorphous character of hydrous irid-
ium oxyhydroxide as only the broad silica peak at ~21.8° could be
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observed. The XRD diffraction pattern of IrO, calcined at 400 °C
(Figure 2a) consists of broad peaks that corroborate the forma-
tion of small and non-structurally ordered nanoparticles observed
by ex situ HAADF-STEM analysis. The typical tetragonal rutile
diffraction peaks of IrO, develop at 600 °C. The observed reflexes
in Figure 2a are consistent with the HR-STEM images shown

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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in Figure 1f, which clearly revealed the (101) lattice spacing of
IrOZ-rutile .

An increase in temperature to 800 °C did not affect the peak
width suggesting that no significant alteration in crystallite size
took place.>® The substantially narrower reflexes of the refer-
ence IrO, catalyst from Sigma Aldrich (IrO,-ref.) indicate larger
crystallite size compared to synthesized samples. For an estima-
tion of crystallite size, Scherrer’s equation was applied to the
three main diffractions (110, 101, and 211) of both IrO, calcined
at 600 and 800 °C. We observe only slight differences in the mean
crystallite size between samples ranging from 7.2 to 7.3 nm. In
literature, higher calcination temperatures not only influence the
overall size of the nanoparticles but also their morphology. At
temperatures >500 °C, Abbott et al. observed the formation of
thermodynamically favored rod-shaped particles predominantly
growing in the (001) and (112) direction.!®] For the here presented
samples, a preferred growth was not observed, arguably due to
the confining silica matrix suppressing the growth of shape con-
trolled nanoparticles. Complementary to ex situ HAADF-STEM
and HR-STEM, XRD results suggest excellent control over the
nanoparticle’s size and morphology over a large temperature
range.

To evaluate the chemical state of the near-surface and track the
transformation of the surface species influenced by the respective
thermal treatment, we performed ex situ XPS measurements of
selected specimen (IrO,-400 °C, IrO,-600 °C and IrO,-800 °C)
after removal of the silica shell. The obtained results were com-
pared to the IrO,-ref. and IrO,-ref. 1000 °C. Detailed Ir 4f and
O 1s spectra were curve-fitted according to the fitting parame-
ters from the work of Freakley et al.2°! Figure 2b shows the Ir 4f
region of the analyzed samples featuring two asymmetric com-
ponents, which in the case of 1rO,-600°C and IrO,-800 °C are
attributed to Ir 4f; , and Ir 4f; , at 61.9 and 64.9 eV, respectively.
These values are in good agreement with the reference IrO, and
were assigned to rutile IrO,.[2°! The slightly broader shape of Ir
4f peaks and shift to higher binding energies of 62.1 eV (65.1 eV)
observed for the IrO,-400 °C sample compared to the IrO,-600 °C
and Ir0,-800 °C might indicate the presence of mixed Ir (III) and
Ir (IV) oxidation states.[®?%] The broad peak located at 531.7 eV
in the O 1s spectrum (Figure 2c) suggests that the surface of
Ir0,-400 °C is predominately hydroxyl-terminated. The increase
in temperature induces the formation of the additional peak in
the lower binding energy region. The peak in the case of the IrO,-
800 °C sample is located at #530.1 eV corresponding to the litera-
ture value (2530.0 eV) for lattice oxygen, thus suggesting that the
hydroxyl species at temperatures >400 °C are gradually replaced
by lattice oxygen.[1227:28] O1s spectra of 1rO,-600, 1rO,-800 °C,
and the reference catalyst calcined at 1000 °C exhibit an addi-
tional peak at higher binding energies (~533 eV). The origin of
this peak is attributed to adsorbed water, which likely originated
from the sample preparation procedure prior to XPS in aqueous
media.

In order to better understand the structure-temperature rela-
tion of iridium oxide nanoparticles and the role of protecting
silica matrix we additionally synthesized iridium oxyhydroxide
nanoparticles using the reverse microemulsion method, as pre-
viously described, but without addition of silica precursor (c.f.
4.1.2). We refer to this sample as bare iridium oxide. To obtain
direct comparison of silica-encapsulated and bare iridium oxide
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nanoparticles and their structure evolution during the thermal
treatment, we performed in situ STEM heating experiment under
oxygen atmosphere with 3 °C s7! temperature ramp and 30 min
annealing at 200, 400, 600, and 800 °C thus obtaining unique real-
time insight into the temperature dependent structural evolution
of IrO, @SiO, and bare iridium oxide nanoparticles. During the
recording, we extracted STEM snapshots (Figure 3a—d) describ-
ing the behavior of the same IrO, @SiO, clusters over the whole
temperature range up to 800 °C. At lower temperatures, as shown
by the example at 200 °C (Figure 3a; Movie S1, Supporting In-
formation), individual silica shells comprise multiple ultra-small
iridium oxide nanoparticles, similar to what we observed by ex
situ HAADF-STEM for IrO, calcined at 400 °C (Figure 1b). Dur-
ing in situ STEM with a temperature increase from 200 to 400 °C
(Figure 3b; Movie S2, Supporting Information), the nanoparticles
start to unite and grow together into a single aggregate at 600 °C
(Figure 3c; Movie S3, Supporting Information). Faster aggrega-
tion of the nanoparticles compared to ex situ HAADF-STEM can
be explained by different heating parameters, i.e., faster temper-
ature ramp. Notably, the size of single aggregates within the sil-
ica spheres remains almost unchanged when the temperature
is further increased to 800 °C (Figure 3d; Movie S4, Supporting
Information).

Contrary to IrO,@SiO, we observed uncontrolled growth
of unprotected bare iridium oxide nanoparticles upon heating
(Figure 3e-h). Aggregation of individual iridium oxide nanopar-
ticles at temperatures >200 °C consequently resulted in the for-
mation of large irregularly-shaped agglomerates reaching the
~30 nm in size. This experiment confirms the central and piv-
oting role of the silica protecting shell on the final catalyst size
and morphology during the thermal treatment.

After obtaining first insights into the catalyst’s structure and
surface species, we studied the impact of calcination temperature
on the electrochemical OER activity of the synthesized catalysts
after removing the silica shell. For the comparison in OER ac-
tivity, following the conditioning steps (c.f. Table S1, Supporting
Information), the very first polarization curve was used to avoid
accumulation of oxygen bubbles at high current density block-
ing active sites.[?”) The OER activities of all samples were deter-
mined at 900 rpm in 0.1 m HCIO, and compared to IrO,-ref. The
application-relevant mass normalized current density through-
out the applied potential range is shown in Figure 4b. IrO,-400 °C
outperforms all catalysts and is 40 times more active compared
to IrO,-ref. at E = 1.50 Vg The higher OER activity of amor-
phous IrO,-400 °C compared to crystalline IrO,-600, IrO,-800 °C
and IrO,-ref. samples is in agreement with literature for powders
and thin films.12273031] The significantly higher OER activity of
Ir0,-400 °C in comparison to its crystalline counterparts cannot
be solely explained by greater surface area, but the key factor is
arguably the amorphous nature of IrO,-400 °C. Operando X-ray
absorption studies reported previously, suggest that the mixed
charge state of Ir in amorphous IrO, and the resulting increased
surface coverage with hydroxide species are primarily responsi-
ble for the enhanced OER activity of amorphous IrO, (39321 Will-
inger et al.l’l suggested that amorphous IrO, has more activated
oxygen species responsible for high OER activity. In line with
XRD and XPS results, the cyclicvoltammogram (CV) resembles
the shape of hydrous iridium oxide or amorphous iridium oxide.
The characteristic A1/C1-A3/C3 redox couples between 0.6 V and

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Structural evolution comparison between silica encapsulated (IrO, @SiO,) and bare iridium oxide nanoparticles during in situ heating STEM
experiment. a—d) Selected STEM snapshots of IrO, @SiO, and e—h) bare iridium oxide nanoparticles taken during in situ consecutive heat treatment in
oxygen atmosphere at 200, 400, 600, and 800 °C. The illustrative inset sequence highlights the temperature-induced structural evolution of the iridium
oxide nanoparticles with or without encapsulation in protecting silica matrix.

a 5 b s . ; :
:2 IrO,-400°C A2 A3 ,| 10,-600°C —— 1r0,-400°C
- dl A1 -
g 5 2 4 19.96 Clg —— 1Ir0,-600°C
< < —— 1Ir0,-800°C
= 5 = 4 —— IrO,-ref.
=10
s cz ©3 -2 £
"7 00 0204 06 08 10 12 14 00 02 04 06 08 10 12 14 >
n E/Viue E/Vree w
Ir0,-800°C 061 IrO,-ref.
i 2 o 04
E 1 E 02
= <
E 0 £ 00
= S
5 04
0002 04 060810 12 14 % 00702704 06 08 10 12 14 L Y TP e .
Tt E V;?HE' - R E/VRHE' - 0.001 0.01 0.1 1 10
j/Amg"

Figure 4. RDE measurements of silica-free iridium oxide catalysts thermally treated at 400, 600, and 800 °C and the reference catalyst in 0.1 m HCIO,
a) Mass normalized cyclic voltammetry measured with a scan rate of 50 mV s~! between 0.05-1.4 Vgi¢. The calculated mass normalized charge within
the employed voltage range between 0.4 and 1.3 V¢ is indicated for each material b) Mass normalized activities obtained from first linear sweep
voltammetry (LSV) (iR drop corrected) scanning between 1.3 and 1.6 Vg (highlighted potential region from 1.5 to 1.6 Vgye) with a scan rate of

10 mV s~ and forced convection of 900 rpm. Each sample was measured at least three times and the respective error bars were added.

1.4 Vpyyp (Figure 4a) indicate the change in the oxidation state
of Ir(I1I) to Ir (IV) and consequently to Ir(V).**34] Characteristic
of hydrous oxide is the absence of a double-layer- and pseudo-
capacitive current from iridium oxide due to the loss in conduc-
tivity well observed in the potential region below 0.4 V> Pre-
vious studies have suggested that the oxygen evolution reaction
at amorphous IrO, may proceed via the lattice oxygen reaction
mechanism (LOM), wherein lattice oxygen directly participates in
the reaction, leading to high OER activity in such materials.[3>3¢]

In our study, we conducted Tafel analysis (Figure S6, Sup-
porting Information) to investigate the reaction mechanism in

Adv. Energy Mater. 2023, 13, 2301450 2301450 (5 of 9)

our synthesized samples. However, we could not conclusively
identify any discernible differences in the reaction mechanism
among the various samples. The Tafel slopes obtained for amor-
phous 1rO,-400 °C (=50 mV dec™!), crystalline IrO,-600 °C
(~60 mV dec™!), and IrO,-800 °C (~60 mV dec™!) fell within the
typical range of reported values for iridium oxide. Tafel slopes
closer to 60 mV dec™! are reported for samples with a higher de-
gree of crystallinity, which is consistent with our findings.®!
The gradual development of crystal structure with the increase
in temperature to 800 °C and consequently the transformation
of remaining Ir (III) to Ir (IV) caused a drastic decrease in OER

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Stability measurement of iridium oxide calcined at 400, 600, and 800 °C measured with a SFC coupled to an ICP-MS in 0.1 m HCIO,.
a) On-line Ir-dissolution profile (left y-axis) exemplarily for IrO,-800 °C during the stability assessment protocol (right y-axis). b) S-number determined
by dissolution for all samples during the first (S-number 1, orange box) and third (S-number 3, orange box) linear sweep with a scan rate of 10 mV s~

activity of Ir0,-600°C and IrO,-800 °C. [¥”] Notably, the observed
mass OER activities of IrO,-600 and IrO,-800 °C at 1.5 Vi, were
2.45 and 1.65 times higher compared to IrO,-ref. respectively.
The impact of varying surface area between the samples caused
by thermal treatment can be excluded by normalizing the OER
activity to the active charge capacity extracted from the pseudo-
capacitive charge between 0.4 and 1.3 Vg, at 50 mV s71, (c.f.
Figure 4a). We note that these normalizations are highly use-
ful to estimate the specific activity but must be considered with
care.[1327:38] The charge decreases almost two orders of magni-
tude when increasing the synthesis temperature from 400 to
800 °C. Considering the charge normalized OER activity (Figure
S10, Supporting Information), the amorphous IrO,-400 °C re-
mains the most active among the synthesized samples.

To determine the effect of thermal treatment on the electro-
chemical stability of the synthesized catalysts, we performed on-
line SFC-ICP-MS measurements to quantify iridium dissolution
as a function of time and potential range. The measurement pro-
tocol (Table S2, Supporting Information) consisted of three linear
sweeps from 1.1 Vi to 5 mA cm =2 at 10 mV s7! interposed with
3 CVs in the potential range from 0.05 to 1.4 Vy,,; and 50 consec-
utive square wave (SQW) cycles of potential from 0.05 to 1.6 Vg
with a 3 s hold to condition the catalyst. The resulting real-time
dissolution profiles of the measured samples are shown in Figure
5a, Figures S11-S13 (Supporting Information). To eliminate the
impact of the catalyst’s surface area, the number of active sites,
or the loading, we expressed the intrinsic stability of the cata-
lysts using the stability number (S-number).1"3] The calculated
S-number values obtained from the total amount of evolved oxy-
gen and dissolved iridium during LSV 1 (S-number 1, orange box,
Figure 5a) and LSV 3 (S-number 3, orange box, Figure 5a) demon-
strate an inverse trend with activity (Figure 4b), i.e., the stability
number increases with an increase in preparation temperature.
Ir0,-800 °C exhibits the highest intrinsic stability among the syn-
thesized samples with the initial S-number (S-number 1) being
almost one order of magnitude higher than IrO,-400 °C and com-
parable to IrO,-ref. (c.f. Figure S14, Supporting Information).

The reason for the poor stability of IrO,-400 °C can be as-
cribed to the loose lattice oxygen bonding network in the amor-
phous structure compared to the more compact crystalline struc-
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ture (IrO,-600 °C and 1rO,-800 °C) that consequently enables
direct participation of lattice oxygen in the OER leading to
greater iridium dissolution.['*3?] With the increase in tempera-
ture and increased crystalline order, the prevalence of hydroxyl
surface species can be reduced at the expense of lattice oxy-
gen making Ir0,-600 °C and Ir0,-800 °C less susceptible to
dissolution.[*] We find a reciprocal relation between activity and
stability strongly indicating the influence of the structure and
surface species on the electrochemical properties also on the
nanoscale.[*17]

3. Conclusion

For the first time, the presented synthesis method allows for the
synthesis of nanometer sized oxide particles with unprecedented
control of particle size and morphology to temperature up to
800 °C. We demonstrate the important role of hydroxyl surface
groups for activity on the nanoscale with 40 times higher mass-
specific activity compared to the reference iridium oxide catalyst.
We highlight how the overall catalyst’s structure and the nature
of surface oxide species influence the OER activity and stability
on the nanoscale. Owing to a protecting silica matrix, the thermal
treatment can be performed at various temperatures and anneal-
ing times tuning the final properties of the material.[**41] The
increased catalytic stability of IrO,-800 °C comparable to IrO,-
ref. highlights potential industrial application. These results pro-
vide a detailed insight into the performance of size-controlled ox-
ide nanoparticles and illustrate the potential of high surface area
oxide nanoparticles for heterogeneous catalysis. The unprece-
dented control over size at high temperatures can be expanded
to other metal-oxide and mixed metal-oxide systems where high
crystallinity and small particle dimensions are targeted.

4. Experimental Section

Chemicals:  n-heptane (99.5% Thermo Scientific Acros), water (D.1.),
Brij L4 (Mn 362, Sigma-Aldrich), Ammonia (28-30%, Supelco),
Tetraethyl Orthosilicate (Thermo Scientific Acros), Methanol, Acetone, Hy-
drofluoric acid (48%, reagent grade, Sigma Aldrich), and Ethanol (99%+,
Fisher Chemical).

~
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IrO, @SiO, synthesis procedure: Iridium precursor was dissolved in
ultra-pure water to form a solution with a concentration of 62.1 mg mL~".

Prior to forming a reverse microemulsion, hydrolysis of iridium precur-
sorwas done in a 10 mL vial by adding 0.162 mmol iridium precursor aque-
ous solution to a mixture of 3.8 mL of ultra-pure water and 0.7 mL ammo-
nia (28-30%) aqueous solution. The starting solution was clear and light
brownish, the mixture was stirred under ambient conditions until the so-
lution turns purple, which was the indicator that iridium’s oxidation state
changed from Ill to IV.

In a round bottom flask, 27 mL of Brij L4 surfactant was dispersed in
120 ml n-heptane by stirring for 10 min and additionally by ultrasonica-
tion. Subsequently, 4 mL of hydrolyzed iridium oxyhydroxide solution was
added dropwise to the mixture forming a reverse microemulsion. Opened
to air, the reverse microemulsion was stirred for the next 2 h before 0.75 mL
of TEOS was added. Prior to TEOS addition, it was possible to add an-
other 0.7 mL of ammonia to stimulate the formation (pH 10-11) of silica
spheres. After 16 h (overnight stirring) for precipitation of particles, 150 ml
of methanol was added, stirred vigorously for a couple of minutes, and
then let precipitate to settle down for half an hour. At this moment, three
separate phases were formed, upper n-heptane rich, a middle layer con-
sisting of methanol, and on the bottom, the fluffy light purple precipitate
was deposited. The upper layer was decanted and the leftover slurry was
centrifuged and washed subsequently with methanol and acetone respec-
tively. The obtained solid phase was dried under vacuum at room tem-
perature for 1 h and prepared for thermal treatment. In total, 200 mg of
product was divided into three equal fractions and transferred in alumina
crucibles. Thermal treatment was done in a tubular furnace under a syn-
thetic air atmosphere at a flow rate of 10 NI h™" with a temperature ramp
of 2 °C min~" and 3 h of annealing time at temperatures of 400, 600, and
800 °C, respectively.

The removal of silica was done with 1.68% HF-absolute ethanol solu-
tion in 50 mL polyethylene bottles mixed by shaker overnight. Note that
before starting the experiment with HF, mandatory safety equipment must
be worn and a HF first aid kit must be in place.l*?] The resulting dispersion
was then centrifuged and washed with absolute ethanol and D.I. water. The
black wet powder consisting of only IrO, was then, with the help of abso-
lute ethanol, transferred from the centrifuge tube to a vial and dried under
vacuum at 60 °C.

Notably, the synthesis of iridium oxide nanoparticles without silica
encapsulation for the in situ STEM comparison study was done in the
same manner as described above for IrO, @SiO, excluding the addition
of TEOS. Prior to the in situ STEM heating experiment, as-synthesized
nanoparticles were washed subsequently with methanol and acetone re-
spectively and dried under vacuum at room temperature for 1 h.

SFC-ICP-MS:  Electrode preparation: Electrodes with a constant Ir load-
ing of 20 ug cm™2 and 20 wt.% Nafion content were prepared by drop-
casting 0.2 uL of ink on polished glassy carbon plates (SIGRADUR G,
HTW). The drop-casted electrodes were examined with a Keyence VK-X250
confocal laser-scanning microscope to ensure comparable size (roughly
1.3 mm diameter) and quality of the electrode spots.

The silica-free inks were prepared by suspending the investigated cata-
lyst powders in D.I. H,O (Merck Milli-Q) and adding 2-propanol for sta-
bilization. Nafion perfluorinated resin solution (Alfa Aesar, 5 wt.%) was
added afterward to adjust the adhesion of the spots to the glassy carbon
substrate. Solvent content of the Nafion solution was accounted for to
achieve a mixture of 7/8 H,O and 1/8 2-propanol. Prior to drop-casting,
the inks were sonicated for 15 min, and the pH was adjusted to 11 by
adding 1 M KOH to achieve homogeneity.

Dissolution measurements: The SFC-ICP-MS setup with an opening di-
ameter of 2 mm was used as described in prior publications.['>43] Fresh
0.1 M HCIO4 (Merck Suprapur 70% HCIO,) was prepared daily by mix-
ing stock solution and DI H,O. The electrochemical measurements were
carried out with Ar-purged 0.1 M HCIO, at a flow rate of 207 uL min~,
connecting the SFC directly to a Nexlon 350 spectrometer (Perkin Elmer).
A saturated Ag/AgCl reference (Metrohm) and a graphite rod counter elec-
trode were used for measurements. To ensure the constant performance
of the ICP-MS, an internal standard solution (10 pg L™! 187Re in 0.1 m
HCIO,) was added downstream toward the ICP-MS. Calibration curves
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were recorded daily by measuring freshly prepared solutions of known Ir
content (0-5 pg L™ Irin 0.1 m HCIO,).

RDE: The catalyst films for electrochemical activity measurements in
the liquid half-cell were prepared by dispersing the investigated catalyst in
water (ultrapure grade, VWR) with an ultra-sonic horn (Branson Sonifier),
pulse mode at 35% intensity for 30 min onto a glassy carbon electrode
(@ 5 mm) of the RDE tip. The electrodes with a constant IrO, loading of
0.5 mg cm~2 were prepared by drop-casting of 20 L of ink on a polished
glassy carbon RDE tip. The drop-casted inks were then dried under a con-
stant stream of Argon at room temperature. All the measurements were
conducted at room temperature in a multi-neck glass cell in 0.1 m HCIO,4
(Rotipuran Ultra 70%, Carl Roth GmbH) purged with a constant flow of ni-
trogen. A saturated Ag/AgCl reference electrode (3 M KCI, Metrohm) and a
graphite rod counter electrode were used. The setups were equipped with
a Gamry Reference 600 potentiostat and a Radiometer Analytical rotation
controller.

XRD Analysis: A Bruker D2 Phaser 2nd Generation was used with a
wavelength of Cu K, = 1.5406 A. Measurements were taken in a 2-theta
range from 20° to 80° with a measurement speed of 0.04°(1.3 s)™" using
a background-free silicon sample holder.

HAADF-STEM Measurements:  All HAADF-STEM micrographs were
obtained using a JEM2100F (JEOL) microscope (200 kV, ZnO/W(100)-
emitter). The samples were prepared by dispersion of the investigated ma-
terial in ethanol with ultra-sonication. Subsequently, 3 x 10 uL of resulting
dispersion was dropped onto a Lacey-Carbon coated gold grid (Maxtaform
H7).

In Situ STEM and HR-STEM Measurements: The in situ experiments
and HR-STEM measurements were conducted on a Hitachi HF5000 envi-
ronmental STEM at 80 kV and 200 kV acceleration voltages, respectively.
For the in situ experiments 10 pL of a catalyst dispersion was dropped
onto a MEMS-chip and dried at ambient air for 2 h. With a Hitachi single
tilt heating holder, the chip was transferred to the microscope. To remove
organic contaminations the chip was heated to 200 °C for 30 min. An inter-
nal mass flow controller was then used to set a flow rate of 3 sccm, which
resulted in a pressure of ~5 Pa near the sample. Thereafter, the temper-
ature was increased by 200 °C every 30 min at a rate of 3 °C s™'. For the
videos at a magnification of 180 k, the frame time was 60 s and the elec-
tron dose per frame was 275.65 e A=2. At 200 k, the electron dose was
34030e A2,

XPS Analysis: ~ All XPS measurements were performed using a SPECS
instrument. The samples were excited with monochromatic Al K, radi-
ation at 1486.74 eV. The emitted photoelectrons were collected using a
150 mm hemispherical energy analyzer (Phoibos 150, SPECS). For each
sample a survey scan with a pass energy of 20 eV and high-resolution C Ts,
O 1s, Cl 2p, Ir 4p, Ir 4d, and Ir 4f regions with a pass energy of 10 eV were
measured. The adventitious C Ts signal of carbon was used for binding
energy calibration and assigned to 284.7 eV. The samples were prepared
by drop-casting 10 uL of water-based ink of respective sample (concentra-
tion 6.5 mgmL™") on 1x 1cm? glassy carbon plates. All XPS spectra were
deconvoluted using CasaXPS peak fitting software.[44]

TGA Analysis:  Standard TGA analysis was performed using STA 449C
Jupiter Erich Netzsch GmbH Co. Holding KG, Selb, Germany) by heating
10 mg of sample from 30to 1100 °C with a temperature ramp of 2 °C min~!
and annealing time of 3 h at 1100 °C. The flow rate of synthetic air during
the measurement was 100 Nml min~".
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