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ABSTRACT: We report the characterization and applications of core—shell Cu—Ir nanocatalysts for oxygen reduction reaction and
oxygen evolution reaction. Core—shell Cu—Ir particles with tunable thickness of Ir can be oxidized to remove the Cu core and obtain
Ir shells. The thickness of the Ir shells determines the stability and optimization of the precious metals. We showed with in situ
scanning transmission electron microscopy the remarkable stability of the Ir shells at elevated temperatures under oxidative and
reductive environments. In situ scanning transmission electron microscopy and in situ X-ray absorption spectroscopy also showed
that traces of remaining copper could be detected in the Ir shells. Electrochemical measurements for oxygen reduction and evolution
reactions show promising activity and stability compared to a commercial catalyst. Thin Ir shells, with high surface area per gram of
Ir, were more active but less stable than thicker shells. In contrast, thicker Ir shells were more stable and had excellent
electrochemical properties in aqueous and alkaline environments. Hence, Ir nanoshells appear as interesting candidates for reducing
the cost of catalysis while improving chemical performance in fuel cells.

B INTRODUCTION

Heterogeneous catalysis plays a crucial role in major industrial
processes." More specifically, catalysts are essential for
important chemical reactions, such as the oxygen reduction
reaction (ORR) or the oxygen evolution reaction (OER).”™*
In general, Pt is most commonly used, although other precious
metals, such as Ir, can be chosen.”™'° For instance, it has been
shown that Ir can outperform Pt for OER in some
conditions.'"'* Additionally, Pt particles can sometimes easily
sinter, which ultimately reduces their catalytic potential."
Finally, Pt is in high demand in the field of catalysis, so it is
necessary to expand the range of materials that can replace Pt.
One issue with Pt or Ir is the high cost of these nanocatalysts,
which is a hurdle for expanding the use of fuel cells.'*"* It is,
therefore, necessary to design new nanostructures that can
reconcile the need for high activity and high stability'® while
the amount of expensive metal is reduced. To this end,
nanoshells and nanocages became interesting candidates. Many
methods to form hollow structures have been reported, such as
the use of a sacrificial template,'” the galvanic replacement of a
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or electrodeposition.'” Additionally, the
precipitation of a precursor on monometallic particles in
ethanol solvent is also a method to form core—shell particles.”’
Finally, another option is the solvothermal synthesis of core—
shell nanoparticles with the removal of the core through
oxidation in a solvent.”' The solvothermal synthesis of core—
shell particles is particularly relevant, as it offers great control
over the desired hollow structures’ size, shape, and
composition.””*” It is also an easy method that does not
waste large quantities of expensive metal precursors.

Previous investigations have focused on hollow or core—
shell Ir-based nanostructures as efficient catalysts for ORR and
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OER.**** However, many of these systems are a combination
of Ir with other metals,**™* and few studies have focused on
empty Ir nanoshells. For multimetallic nanocatalysts, dynam-
ical restructuring effects can be problematic and cause the
rapid deactivation of the catalyst.’’ >* Some analyses have
focused on core—shell designs,” but have not investigated Ir
nanoshells with an empty core. Additionally, the effects of
surface area optimization and structural changes in harsh
conditions have not been extensively discussed. Our previous
publication has reported the synthesis of core—shell particles
with a Cu core and a shell of a platinum-group metal (PGM).”’
The Cu core can be etched by exposure to an oxidative
environment, which causes the oxidation and migration of Cu
through the Kirkendall effect.”**> By removing the Cu core,
empty Ir nanoshells are obtained, with a controlled thickness.
This work presents the electrochemical properties of core—
shell Cuyolry,; and Cuggglry;, particles for ORR and OER
and their derived Ir nanoshells. Also, we performed a detailed
ex situ and in situ scanning transmission electron microscopy
(STEM) study to describe the structure and stability of the
samples. Ultimately, the goal is to provide detailed information
about structural changes in Ir-based nanostructures with a
hollow configuration. As shown with in situ STEM and in situ
X-ray absorption spectroscopy (XAS), traces of Cu remain in
the Ir shells even after exposure to harsh oxidative environ-
ments. The nanoshells were studied under gaseous environ-
ments with reductive and oxidative conditions at 1 bar to
understand their stability in a harsh environment. Ir shells from
Cuylrg,; were remarkably stable and resisted treatments at
800 °C without collapsing. Ir shells from Cugolry,, and
Cuy gslr 1, were then tested for ORR and OER. Our results
showed that Cuggglry;, had the highest activity per gram of Ir
as the exposed surface of Ir was maximized. However, the
stability was not optimal. In contrast, Cuyolr,,, showed high
activity and high stability after many electrochemical cycles.
Both samples outperformed commercially available Pt particles
with a smaller size, as the empty shell structure had a
maximized surface area.

B MATERIALS AND METHODS

Synthesis of Cu—Ir Particles and Removal of the Cu Core.
The Cugolrg,; and Cuggglry ), particles were synthesized using a
method previously published by our team.*® All chemicals were
purchased from Sigma-Aldrich. For Cugolrg,;, Cu acetate (Cu-
(CO,CH;),, >98% purity) and Ir acetylacetonate (Ir(acac)s, >97%
purity) were used as precursors. Diphenyl ether (>99% purity) was
used as a solvent and oleylamine (OLAM, >70% purity) was used as a
capping agent. 20 mg of Cu(CO,CH3;), and 14.3 mg of Ir(acac); were
dissolved in 20 mL of diphenyl ether and 25 mL of oleylamine in a
100 mL flask. The solution was then heated to 100 °C under <1.0
Torr vacuum with a Schlenk line for 1 h, to remove traces of water.
The mixture was then put under a N, atmosphere, and the
temperature was elevated to 275 °C and maintained for 50 min.
The ramp rate was held at 20 °C/min, and the solution was under
constant stirring. Increasing the ramp rate will decrease the average
nanoparticles diameter. The nucleation of particles causes a change of
color as the solution becomes black. It is then cooled down to 40 °C.
Hexane is added to the mixture to reduce the viscosity, and it is then
centrifuged for S min at 8000 rpm. The particles are then deposited at
the bottom of the tube. Usually, no antisolvent was necessary as the
particles were relatively large and heavy, so they could be easily
separated from the rest of the solution. If necessary, ethanol could be
added before centrifugation to improve the separation. The particles
are then redispersed in hexane and deposited on Vulcan carbon black.
Ligands are removed with plasma cleaning with Ar for 30 min
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followed by calcination under air at $00 °C for 2 min.*® The
calcination causes the rapid oxidation of the Cu core, which migrates
outside of the shell and leaves an empty shell of Ir on the carbon
support. Masses of Cu oxide could be detected on the support and are
the result of the migration and aggregation of Cu oxide during the
calcination. The synthesis and processing of Cuggslry ;, is similar to
the above procedure for Cug;olry,;. The only difference is the
quantity of precursor (7.4 mg of Ir acetylacetonate and 20 mg of Cu
acetate). The quantities of diphenyl ether and oleylamine are the
same as for Cugolry,,. For Cuglry,, particles, the Ir shell was
thicker than the one obtained with Cuyglry ;,. Indeed, increasing the
amount of Ir makes the Ir shell larger. Thus, this recipe allows to
control over the thickness of the core—shell structure and the derived
Ir nanoshells.

Scanning Transmission Electron Microscopy. All samples
were analyzed with a JEOL NEOARM operating at 200 kV. For
STEM imaging, the probe current was set to 150 pA, with a
condenser lens aperture of 40 ym and a camera length of 4 cm.
Energy-dispersive X-ray spectroscopy (EDS) and electron energy-loss
spectroscopy (EELS) were also performed with a probe current of
500 pA, a condenser lens aperture of 40 ym, and a camera length of 2
cm. For ex situ analysis, the samples supported on amorphous carbon
were diluted in isopropanol, and a drop of the solution was deposited
on a nickel-based TEM grid with lacey carbon (purchased from
EMS). In situ diagnostics were performed with a gas-heating holder
for environmental studies provided by Hummingbird Scientific. Gases
with ultrahigh purity (99.999%) were used with a mass flow of § sccm.
All experiments were performed at 1 bar. The delivery of gases was
performed with a mass flow control system provided by Humming-
bird Scientific.*”** For in situ EDS, the holder was slightly tilted in the
column of the microscopy to optimize the detection of fluorescent X-
rays by the two EDS detectors (provided by JEOL USA, Inc.) above
the holder. The gas lines were purged with N, before the insertion of
active gases (O, or H,). STEM images, EDS, and EELS data were
processed with DigitalMicrograph, a software provided by Gatan, Inc.
EELS data were acquired with a K2 summit camera, also provided by
Gatan, Inc.

X-ray Absorption Spectroscopy. In situ XAS was performed at
the microXAS beamline (XOSLA) at the Swiss Light Source (SLS) of
the Paul Scherrer Institute (PSI). Data for Cu K and Ir L, edge was
collected in fluorescence mode, with Silicon Drift detectors. Ir L
could not be analyzed due to the presence of W in the sample holder.
Hence, the W L, overlapped with the Ir L; edge. The flux was 2 X
10" ph/s/400 mA, and the spot size was approximately 10 X 10 ym?.
The sample was enclosed in the same environmental holder used for
in situ STEM, with the same flow rates, gases, and temperatures. All
experiments were performed at 1 bar. All data were analyzed with
Athena and Artemis of the Demeter package.”

Electrochemical Analysis. All samples were supported on
amorphous carbon. Electrochemical measurements were performed
using standard protocols. Data was collected on a potentiostat
(Epsilon, Bioanalytical Systems, Inc.) with a three-electrode system
consisting of a glassy carbon working electrode (6 mm diameter), a
Ag/AgCl reference electrode in 3 M KCl, and a Pt coil auxiliary
electrode. The reaction took place in a one-compartment cell. All
potentials collected during the testing were converted in reference to a
reversible hydrogen electrode (RHE). The catalyst ink was formed
through sonication of water, isopropanol, and Nafion at a volume
ratio of 4:1:0.01 and an NC on carbon concentration of 2 mg/mL. 10
uL of ink was deposited onto the working electrode at 100 rpm and
dried under 700 rpm rotation. For Ir nanoshells on carbon, the weight
loading of Ir was 10%. For the commercial Pt catalyst (supported on
carbon), the weight loading of Pt was 20%. For aqueous environ-
ments, cyclic voltammetry (CV) was taken in a range of 0.0—1.0 V vs
RHE for ORR and 1.2—1.7 V vs RHE for OER at a scan rate of 50
mV/s in N, saturated 0.1 M HCIO,. For alkaline environments, a 0.1
M KOH solution was used, and the CV was performed in a range of
—0.4 to 0.5 V vs RHE for ORR and 0.7 to 1.2 V for OER. To test for
stability, the samples were cycled between 0.6 and 1.0 V vs RHE in N,
saturated 0.1 M HCIO,, with cyclic voltammetry (CV) curves taken
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Figure 1. Representative HAADF-STEM and EDS data of the sample studied in this work. (a) HAADF-STEM image of a freshly synthesized
Cuylry,; particles with a core—shell configuration. (b) EDS map for Ir. (¢) EDS map for Cu. (d) Combined EDS data. (e) Empty shell of another
particle after calcination. The void left by the copper after oxidation is clearly visible. (f) Large area showing empty Ir shells on C support.

Room temperature in O2 400 °C in O2

800 °C in O2 800 °C in H2

Figure 2. In situ STEM analysis of a Cuy;lry,, particles with 1 bar of gases. (a) Fresh sample. Oxidation in air caused some removal of the Cu core.
(b) After 30 min exposure to O, at 400 °C. (c) After 30 min exposure to O, at 800 °C. The red arrow indicates Cu oxide, on top of the Ir shell. (d)
After 20 min exposure to H, to reduce the Cu and make the Ir shell more visible. (e, f) Corresponding EDS maps to the image in (d). (g) Other
particles after the same treatment. The spherical shape was maintained and did not collapse after the treatment.

after 50 cycles at the beginning-of-life (BOL), S000, 10000, and
25000 cycles. The electrochemically active surface area (ECSA) was
determined using hydrogen underpotential deposition measure-
ments.*® Linear sweep voltammetry (LSV) was taken at 1600 rpm
from 0.0 to 1.0 V vs RHE. IR compensation was performed using the
automatic feature of the potentiostat. The mass activity was
normalized by Ir mass determined from ICP-OES, and the specific
activity was normalized by ECSA.*

B RESULTS AND DISCUSSION

The synthesis of Cuglry,; (Cu/Ir atomic ratio of 79:21) and
Cuggglrg 1, (Cu/Ir atomic ratio of 88:12) provides core—shell
particles with Ir on the surface and Cu in the core, as described
in our previous work.”> The Ir shell will be thicker if more
Ir(acac), is added to the mixture. Hence, there is a tunable
control over the Ir shell’s thickness which can be beneficial to
optimize the surface area of exposed Ir. Figure 1 provides high-
angle annular dark-field (HAADF-STEM) images of a
Cugolry,; particle with EDS data showing the core—shell
structure. It is possible to see some Cu coming out of the Ir
shell as it is lightly oxidized after air exposure. Electron energy-
loss spectroscopy (EELS) data are provided in Figure S1 and
are consistent with a mixture of Cu(0) and Cu(II). The
oxidation of Cu causes migration of Cu from the core to the
outside through the Kirkendall effect and has been
documented in previous studies on Cu particles."’ When the
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sample is calcinated at 500 °C, Cu quickly oxidizes and leaves
an empty shell of Ir, as seen in Figure le. Some traces of Cu
can be detected in empty shells, as provided in Figure S2. Low-
magnification STEM images showing many particles before
and after oxidation are provided in Figure S3. The diameter of
200 Cugolry,; nanoparticles was measured and showed that
the average diameter was 13.8 nm with a standard deviation of
1.7 nm. The particles shown in Figure 1 are representative
examples of the overall system, as the Ir shells” thickness and
their diameters were similar for many particles.

To better understand the stability of the Ir shells in harsh
environments, an in situ STEM analysis was performed on as-
synthesized samples. It was not possible to perform in situ
experiments in a liquid environment (as for ORR and OER)
with high-resolution images and spectroscopic data. Hence, we
used hot gases (O, and H, at elevated temperatures) to mimic
harsh conditions that could happen in liquid phases.
Additionally, the in situ experiment in gases provides
information about changes that could be expected under
extreme conditions for a wider range of catalytic processes.
Since the imaging resolution is slightly lower with in situ
configuration, we selected a large Cug;olry,; particle and
tracked changes in its morphology during exposure to oxygen
at 1 bar and with increased temperature. Results are
summarized in Figure 2. Initially, some Cu was oxidized due
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Figure 3. Measurements of Ir L, edge with in situ XAS analysis under gaseous environments. (a) XANES data and (b) FT-EXAFS. The main peak

corresponds to Ir—Ir bonds.

Table 1. Summary of EXAFS Fitting of the Cuy,lr,,, Particles after Oxidation and Reduction”

sample Ny Np_cu Npo dy; (A) di—ca (A) dio (&)
Cuyolry,, after reduction at 800 °C 5.0 + 3.0 89 + 42 2.58 +0.15 2.62 + 0.08
Cugoltg,, after oxidation at 500 °C (Ir shell) 3.6 + 14 1.1 £ 06 0.6 + 0.8 2.65 + 0.02 2.65 + 0.04 1.98 + 0.04
Cugolrg,, after re-reduction at 800 °C (Ir shell) 5.8 +22 54+ 17 2.66 + 0.03 2.61 + 0.02

“A comparison of the experimental data and the fits in R-space is provided in Figure S7.

to exposure to air. We see that the increase in temperature
under O, causes further oxidation and migration of remaining
Cu that accumulates on the surface of the shell. The oxidized
Cu can be seen on top of the Ir shell in Figure 2c, as indicated
by the red arrow. The dull halo corresponds to dispersed Cu
oxide, whereas bright regions correspond to Ir, which is heavy.
In HAADF-STEM mode, the brightness of elements is
proportional to Z'% hence, the Cu oxide can be easily
distinguished from Ir."* One can also notice the coarsening of
the Ir shell, which is particularly visible after the gas was
switched to H,. This causes the reduction of Cu and a decrease
in volume, which makes the Ir shell more visible. We see that
after a harsh treatment, some coarsening occurred, but no
collapse of the shell happened. Hence, the Ir shells are
extremely stable at high temperatures, making them excellent
candidates for sustainable catalysis. Some holes in the shell can
be identified in the STEM image in Figure 2d as well as in the
corresponding EDS maps in Figure 2e,f. Other shells did not
have many holes and remained spherical with some coarsening,
as seen in Figure 2g. Additional EDS maps are provided in
Figure S4 and show similar results to those provided in Figure
2: Residual Cu oxide was detected even after strong oxidation
conditions. Hence, Cu cannot fully migrate toward the outside
of the Ir shell and should be factored in when electrochemical
properties are measured. Finally, the same experiment
(reduction and oxidation) was performed on thinner Ir shells
derived from Cuyggglr,, particles. In that case, the nanoshell
architecture collapsed and coarsening occurred (Figure SS).
To expand and complete the analysis performed with in situ
STEM, we also performed in situ XAS experiments. The two
purposes of doing in situ XAS were as follows: First, the desire
for a global analysis of a large quantity of particles: The beam
size of STEM does not allow us to investigate large regions,
whereas XAS is an ensemble-average method that provides
results for all nanoparticles. The second reason is to determine
the mixing of remaining Cu after oxidation treatment and
detect potential alloying or segregation of Cu and Ir that could
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influence catalytic properties. In fact, alloying and strong
interactions between Ir and Cu atoms will modulate
adsorption and desorption energies of molecules, ultimately
impacting the activity of the catalyst. In situ XAS analysis was
performed on the core—shell sample after reduction, oxidation,
and re-reduction, with additional details provided in the
Supporting Information (Tables S1 and S2). After oxidation,
Cu is removed from the core through the Kirkendall effect as
seen in the STEM analysis. We exposed the sample to
reductive and oxidative conditions at elevated temperatures to
detect if Cu and Ir form an alloyed phase under certain
environmental conditions: This will help us to better
understand catalytic properties when the samples are tested
for ORR and OER, which are oxidative and reductive
environments, respectively. The measurements for the Ir L,
edge are summarized in Figure 3. In Figure 3a, the X-ray
absorption near-edge structure (XANES) spectra are provided
after various redox conditions at 1 bar, with O, and H,. The
Fourier transform of the extended X-ray absorption fine
structure (EXAFS) spectra is provided in Figure 3b.

Based on the XANES data of the Ir L, edge, no striking
difference can be seen after oxidation or re-reduction. The
analysis of the FT-EXAFS data shows a small shift of the main
peak to lower R values (red plot with a peak at 2.0 A),
indicating the possibility of shorter bonds, such as Ir—O. This
is consistent with the harsh oxidative conditions. After re-
reduction (green plot), the main peak is slightly shifted to
larger R values (peak at 2.2 A) and overlaps well with the data
for the initially reduced core—shell particles (blue plot).

The EXAFS data were fitted with models to determine the
coordination number (N) and distances (d) of Ir—Ir bonds,
Ir—Cu bonds, and Ir—O bonds (Table 1). First, the
coordination numbers for Ir—Ir and Ir—Cu bonds for the
reduced core—shell structure are consistent with the
morphology of the sample. The Ir shell does not really mix
with the Cu core at high annealing temperatures (as seen with
in situ STEM-EDS data provided in Figure S6). Thus, a
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cycling parameters. (f) Mass and specific activities for the same samples, including commercial Pt in yellow. Kinetic current densities were extracted

at 0.9 V vs RHE.

coordination number for Nj,_;, of S is consistent with an Ir
shell on a Cu core. However, Ny,_c, is a bit high, so one can
speculate that a small quantity of Cu atoms are mixed with Ir.
Even though Ir and Cu are not known to be miscible, previous
reports have underlined the miscibility of Ir and Cu at the
nanoscale.”’ After oxidation, Ny,_;, and Ny,_c, drop due to the
change in morphology. Indeed, the drop of Nj_c, can be
caused by the removal of the Cu core or by the oxidation of Ir
(with the formation of Ir—O bonds instead of Cu—Ir bonds).
However, the drop of Nj,_¢, is much more substantial than the
drop of Ny,_p,, which indicates that oxidation of Ir is not fully
responsible for the decrease of Nj,_c,. In fact

(N Ir—Cu )red
(N Ir—Ir )red

(N Ir—Cu)ox
(N Ir—Ir)ox

Thus, the strong drop in Ir—Cu bonds indicates a substantial
removal of Cu atoms during oxidation, although some traces of
Cu remain in the Ir shells. The drop in Nj,_y, is due to the
partial oxidation of Ir, which diminishes the number of metal—
metal bonds. Finally, the sample was re-reduced, and EXAFS
data shows that Nj,_c, and Ny, increased again. One can
conclude that the presence of remaining Cu is not negligible as
it stays close to S.4. For all three steps (reduced, oxidized, or
re-reduced), one can notice that d;,_;, is lower than the bond
distance of pure Ir (2.74 A). One can speculate that some Cu
atoms are inserted into the lattice of the Ir nanoshells, creating
some distortions which may shorten the Ir—Ir bonds. For
d;,_c,, the distance remains between 2.61 and 2.65 A, which is
between the bond distance of pure Cu (2.54 A) and pure Ir
(2.74 A). Based on the values of bond lengths and
coordination numbers, there is no indication of an alloyed
phase at any step of the experiment, which is consistent with
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the known immiscibility of Ir and Cu. Thus, even though some
Cu atoms may be inserted into the Ir phase, we did not
observe the formation of a substantial alloyed phase. To
summarize, Cu atoms remain after the oxidation or re-
reduction of the sample and still interact with Ir atoms in the
nanoshells.

Finally, XANES data for Cu are provided in Figure S8 and
show the clear oxidation of Cu after exposure to O, and
subsequent re-reduction after exposure to H,. As shown by in
situ STEM data, Cu migrates outside of the Ir shells and
coalesces in large masses of Cu oxide (Figure S9).

Following the full characterization of the sample, we tested
Cugolry,; and Cuggglry, particles for their electrochemical
performance. ORR and OER were investigated. The free-
standing particles were deposited on amorphous carbon, and
the sample was plasma-cleaned with Ar and calcinated at 500
°C in air for 2 min, causing the removal of the Cu core and
leaving empty shells of Ir. We also tested core—shell Cu—Ir
particles without the removal of the core to understand the
impact of Cu removal. In that case, the samples were plasma-
cleaned with Ar for 40 min without calcination to prevent
oxidation.

The samples are first tested in acidic medium for ORR, and
results are shown in Figure 4. The CV curves of core—shell
Cuglry,; particles and Ir shells from both Cuglry,; and
Cuggglry;, are shown in Figure 4a—c. Measurements were
performed on fresh particles after S0 initial cycles (beginning
of life = BOL), after 5000, 10000, and 25000 cycles. The
ECSA of the three samples is provided in Figure 4e and shows
that at 61.42 + 0.60 m?®/g, the thin Ir shell derived from
Cuygglrg 1, particles have a higher ECSA than Ir shells derived
from Cugsolrg,;, at 32.28 + 2.79 m?/g, or core—shell
Cug7olrg,y, at 34.88 + 11.88 m?/g. This makes sense, as the
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reduction in thickness allows for greater atomic optimization of
the Ir by limiting the number of sub-surface atoms. At the
BOL, these Ir shells were clearly the more performant sample.
However, one could notice a strong drop in ECSA after
cycling, lowering to 35.45 + 2.40 m?/g, or nearly 42.28% after
25000 cycles. In contrast, Ir shells from Cuglry,; have a
lower surface area at BOL but are more stable after many
cycles, decreasing to only 26.46 + 0.72 m*/g, or 18.03% after
25000 cycles. This underlines the subtle balance between
surface optimization and stability and is well in line with our
results from in situ STEM. The robust thick Ir shells were not
damaged during cycling and retained most of their ECSA. Also,
Figure 4f shows that both of the Ir shell samples outperformed
commercial Pt samples (3 nm Pt particles supported on carbon
with a 20 wt % metallic loading) in terms of mass activity and
specific activity. The commercial Pt catalyst showed a mass
activity of approximately 112.42 mA/mg, and a specific activity
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of 0.40 mA/mg, which is in excellent agreement with previous
reports.”** In comparison, the thin Ir shells showed a mass
activity of 568.03 + 70.37 mA/mg and a specific activity of
1.76 + 0.22 mA/cm?, indicating the Ir shells are capable of
mass activity approximately 80.21% greater than commercial
Pt, and a specific activity approximately 77.27% greater than
commercial Pt. This high activity is a direct consequence of the
design of the shell. In contrast, core—shell Cuyolr,,; were less
active at 95.94 + 0.98 mA/mg and 0.28 + 0.00 mA/cm? and
had poor stability, decreasing 79.01% after 25 000 cycles. This
is due to the Cu core that can passivate the Ir surface and also
oxidize slowly, ultimately covering the surface. For both Ir shell
samples, one could expect that the traces of remaining Cu may
slightly passivate the Ir atoms as Cu has lower catalytic
properties for ORR and OER than Ir.**~* Cu may also play a
role in the deactivation of the very thin shells, possibly through
dynamical restructuring effects during cycling.
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Figure 7. STEM analysis of Ir shells (derived from Cuyolrg,; particles) after 25000 cycles of testing for ORR in an acidic medium. (a) Low-
magnification HAADF-STEM image. (b) High-magnification HAADF-STEM image. (c) EDS map for Cu of the particles shown in (b). (d) EDS

map for Ir of the particles shown in (b).

Since the thick Ir shells that were derived from Cuyolry,,;
particles are more stable, and hence a better catalyst for long-
term use, we decided to pursue the investigation for OER in an
acidic environment. Figure S shows the stability of the sample
for OER, which is similar to what we observed for ORR, only
decreasing in mass activity by approximately 28.99% from
898.69 to 638.17 mA/mg after 15000 cycles. Thus, the mass
activity and specific activity (Figure Sb) remain high at the
beginning and at the end of the cycling, up to 15000 cycles.
The thick Ir shells have superior catalytic activity and stability
compared to other commonly used catalysts for OER.

Based on the excellent activities and stability of the thick Ir
shells for both ORR and OER in acidic conditions, we now
check to see the catalyst performance in alkaline medium. The
alkaline performance of the thick Ir shells was tested and
compared to that under acidic or aqueous conditions. Results
for testing in alkaline conditions are summarized in Figure 6
and show high mass and specific activities for both reactions.
In fact, in alkaline medium for ORR as seen in Figure 6a,b,
thick Ir shells show a mass activity of approximately 233.432
mA/mg, and a specific activity of 0.72 mA/cm’, decreasing
only 13.29% from its performance in aqueous environments.
Similarly, the OER performance of the thicker Ir shells in
alkaline medium shows a mass activity of 498.71 mA/mg and a
specific activity of 1.54 mA/cm?® This OER performance as
seen in Figure 6¢,d decreases slightly more significantly from
the performance in aqueous environment, by approximately
44.62%. This is an advantage of Ir over Pt and over common
catalysts for ORR and OER, which tend to be efficient for only
one medium (acidic or alkaline).”*’~>" Thus, we designed a
stable catalyst that shows promising properties for ORR and
ORR in alkaline and in acidic environments. The ability to
have a highly active catalyst for both ORR and OER in both
aqueous and alkaline conditions is a major advancement
toward universal catalysts for fuel cell applications.

One should notice that residual Cu in the sample plays a
minor role in the catalytic properties of the sample. Cu
particles were synthesized using a previously reported
method,®® and the particles were tested for ORR and OER
in acidic environments. The results are provided in Figure S10
and show minimal activity compared to the Ir-based samples.

Finally, we performed a STEM investigation of the particles
after 25000 cycles for ORR in acidic environments to
corroborate the stability experiments performed electrochemi-
cally in aqueous solution. The results are shown in Figure 7
and explain the stability of the catalytic performances: In fact,
the shells are slightly coarsened but did not collapse, which
explains the excellent stability observed with ORR measure-
ments. This is not surprising as the in situ STEM analysis
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under harsh conditions proved the excellent stability of the
thick Ir shells.

B CONCLUSIONS

To summarize, we performed a detailed characterization of Ir
shells obtained after the oxidation of Cu—Ir core—shell
particles. We demonstrated that Ir shells are extremely robust
structures, especially if they are thick enough. In situ STEM
analysis combined with in situ XAS analysis showed that some
traces of Cu remained in the Ir shells, although no substantial
mixing between Cu and Ir was detected. Catalytic testing for
ORR and OER in acidic and alkaline environments showed
promising mass and specific activity for thin and thick Ir shells,
both outperforming commercially available samples. The thick
Ir shells were highly stable, due to the robustness of the
structure as seen by STEM analysis. This work provides an
innovative design for Ir-based catalysts and shows that stability
and enhanced activity can be both achieved. We hope this
analysis will expand the range of available nanostructures to
perform sustainable, low-cost, and efficient catalytic processes.
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