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ABSTRACT: The influence of nanostructures and interaction of
Sn and Ir in oxygen evolution catalysts in a polymer electrolyte
membrane electrolyzer were investigated. For this aim, two
synthesis methods, namely, the one-step solution combustion
method and the precipitation—deposition method with sodium
borohydride reduction, were evaluated to prepare distinct
nanostructures. Sn addition to Ir-based oxygen evolution reaction I

catalysts has been reported to yield materials with higher activity; o 6 I

however, in our case, this was observed only for Sn/Ir catalysts

prepared by the precipitation—deposition method. The nanolayer

of Sn/SnO, deposited over metallic Ir particles was identified to

enhance the interfacial contacts, resulting in synergistic interactions. By deconvolution of the polarization curves into constituting
contributions, the performance improvement was attributed to the higher exchange current density of the Sn/Ir powder as a
consequence of a higher number of surface reaction sites created by the Sn—Ir interactions.

Solution Precipitation-
combustion deposition

Poor OER catalyst

Good OER catalyst

1. INTRODUCTION electrolyzers has been proven difficult, because the require-
ments for alternative catalyst candidates are not limited to high

Electricity generation from renewable wind and solar energy
activity toward the oxygen evolution reaction (OER) (eq 1)

has steadily increased in the past decade." Nevertheless, greater

efforts are required for renewable energy sources to become but also demand long-term stability in the acidic anodic
the primary energy sources for humanity. One of the major environment of the PEM electrolyzer. The main efforts in the
challenges toward achieving this ambitious goal is the scientific community regarding the anode side of PEM
intermittent nature of solar and wind energy, often electrolyzers are focused on improving iridium dispersion
asynchronous with electricity demand. The adoption of a using various support materials, engineering the catalyst layer
“hydrogen economy” could represent a solution to mitigate the morphology to increase the surface area, porosity, and contact
aforementioned challenges.” In such an approach, electrical between components, employing core—shell structures with a
energy can be converted into chemical energy via water reduced iridium content, decreasing the catalyst particle size,
electrolysis, yielding hydrogen, which can be stored and used and recycling iridium."' =
on demand for electricity production via fuel cells or simply
clean combustion, producing only water. 2H,0 - O, + 4H' + 4e” (1)
Polymer electrolyte membrane (PEM) electrolysis possesses
a series of advantages over alkaline electrolysis, which makes it Of various support materials proposed in the literature,
particularly attractive for commercial implementation. Some antimony-doped tin oxide (ATO) has been investigated
representative advantages are (i) high faradaic efficiency as a extensively, because it provides good electric conductivity
result of a low gas crossover rate between cathode and anode and stability in anodic conditions.”*"*® Furthermore, recent
compartments, (ii) ability to operate at high current densities, publications suggest that tin(IV) oxide does not merely play

(iii) low ohmic resistance, (iv) robust and compact cell design,
and (v) possibility of yielding hydrogen at elevated pressures.’
Although a decrease in the PEM electrolyzer price was
witnessed over the past 30 years, a few drawbacks still limit the
wide applicability of PEM technology.” One of the most
important limitations is the need for costly and scarce noble
metal electrocatalysts, such as platinum, ruthenium, and/or
iridium. Efforts in decreasing the loading of these metals are
ongoing in the scientific community.”'° Particularly, replacing
state-of-the-art iridium as an anode electrocatalyst in PEM

the role of a support, as reported earlier, but rather takes part
in electrocatalysis.”” >

Received: August 25, 2023

Revised:  November 23, 2023
Accepted: November 27, 2023
Published: December 15, 2023

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissscietz https://doi.org/10.1021/acs.energyfuels.3c03238

v ACS PUbl ications 637 Energy Fuels 2024, 38, 637—646


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sorin+Bunea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ezgi+Demiro%CC%88z"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Georg+Willinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atsushi+Urakawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.energyfuels.3c03238&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03238?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03238?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03238?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03238?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03238?fig=abs1&ref=pdf
https://pubs.acs.org/toc/enfuem/38/1?ref=pdf
https://pubs.acs.org/toc/enfuem/38/1?ref=pdf
https://pubs.acs.org/toc/enfuem/38/1?ref=pdf
https://pubs.acs.org/toc/enfuem/38/1?ref=pdf
pubs.acs.org/EF?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c03238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/EF?ref=pdf
https://pubs.acs.org/EF?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Energy & Fuels

pubs.acs.org/EF

In this work, we have examined potential synergies of Ir and
Sn for the OER in a PEM electrolyzer. Two different material
synthesis strategies were studied. The first strategy is solution
combustion synthesis (SCS), which is a facile one-step
synthesis method to produce nanodispersed materials, as
demonstrated by high Ir/IrO, dispersion in an AL,O; matrix.’’
The second strategy is the precipitation—deposition method.
In contrast to most literature studies based on the deposition
of active iridium metal over a tin oxide/antimony-doped tin
oxide support, we took an opposite approach by depositing tin
over iridium nanoparticles.'”'>**** In this way, the active Ir
surface is expected to be covered with SnO, and should point
out the existence of the synergy. We show how Ir/IrO,
interacts with SnO, on the nanoscale matter and the synergy
of Ir and Sn interactions for OER.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. Ir,Sn,_,O, powders were synthesized via
a solution combustion method. IrCly-«H,0O (99.9%, Precious Metals
Online, Ltd.) and SnCl,-SH,O (98%, Sigma-Aldrich) were used as
metal precursor salts. Glycine (99%, Alfa Aesar) was used as fuel, and
ammonium nitrate (Sigma-Aldrich) was used as the oxidizing agent. A
stoichiometric ratio of components, according to the ¢ parameter (¢
= 1), described elsewhere, was used.>” The components were mixed
together and dissolved in 10 mL of water in a porcelain crucible. The
mixture was stirred on a heating plate at 90 °C until the water
evaporated and a gel formed. After the gel formation, the crucible was
transferred to a preheated furnace at 90 °C, and the temperature was
ramped up to 500 °C, at a rate of 10 °C min~', and held at this
temperature for 3 h for the calcination of the powders and removal of
carbon compounds, which might have remained after the combustion.
The obtained powders were used as the OER catalysts without any
further treatment steps.

Sn/Ir powders were synthesized via a precipitation—deposition
method. In the first step, iridium black powder was prepared from
IrCly-xH,0, according to the procedure described in the literature.*®
The powder was dried at 120 °C overnight. Subsequently, the iridium
black powder was suspended in 100 mL of ultrapure water in a flask.
SnCl-SH,0 was added, and the flask was stirred until complete
dissolution of SnCl,-5SH,O. The flask was transferred to an ultrasonic
bath, and 6-fold excess NaBH, (98%+, Acros Organics) powder was
slowly added. When gas evolution was no longer observed, the
powder was washed with 1 L of ultrapure water and dried at 120 °C
overnight.

2.2. Catalyst Characterization. N, physisorption experiments
were performed using a Micromeritics Tristar 3020 setup after an
overnight degassing step at 150 °C. X-ray diffractograms of the
powders were recorded with a Bruker D8 Discover powder
diffractometer with a Cu Ka radiation source.

Transmission electron microscopy (TEM) was recorded with a
JEOL JEM-1011 microscope. High-resolution transmission electron
microscopy (HRTEM) images were acquired using a JEOL Grand
ARM operated in scanning/transmission electron microscopy (S/
TEM) mode at 300 kV and a Thermo Fisher Scientific Titan Themis
operated in STEM mode at 300 kV. Energy-dispersive X-ray
spectroscopy (EDS) mapping was performed at both instruments in
STEM mode.

2.3. Membrane Electrode Assembly (MEA) Preparation and
Cell Assembly. Nafion 115 membranes (Ion Power) were used for
all experiments. The membranes were pretreated in 3 wt % H, 0O, for 1
h at 80 °C, to remove any organic impurities, then for 1 h at 80 °C in
1 M H,SO, to ensure that the sulfonic groups of the polymer are
protonated, and finally for 1 h in boiling Milli-Q water.

Commercial 40 wt % Pt/C (Sigma-Aldrich) was used as the
cathode catalyst for all MEAs. Catalyst inks containing the dry
powder, 30 wt % of the dry catalyst Nafion ionomer, and 1 mL of
isopropanol were prepared.
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Anode catalyst inks were prepared in a similar fashion. The Nafion
ionomer was set at 20 wt % of the dry catalyst loading, and 2 mL of
isopropanol was used. The catalyst loading on MEAs was set at 2 mg
ecm™ for Ir,Sn;_,O, and Sn/Ir catalysts. Variable loadings of
commercial IrO, and iridium black loadings were used, as described
in the Results and Discussion.

The catalyst inks were spray-coated on the membranes, which were
fixed between two in-house designed aluminum plates that were
heated at 60 °C. The geometric catalyst-coated area of membranes,
corresponding to the cell area, was 4 cm® After spray coating the
catalysts, the membranes were hot-pressed at 130 °C and 25 kg cm™
for 3 min. Subsequently the catalyst-coated membranes were
sandwiched between two gas diffusion layers (GDLs) consisting of
450 pum thick Pt-coated titanium felt plates. The assembly was then
mounted in an in-house designed single PEM electrolysis cell with
titanium collectors and single serpentine flow channels. For a higher
corrosion resistance, the area of the collectors in contact with GDLs is
gold-coated.

2.4. Electrochemical Experiments. Water electrolysis experi-
ments were conducted at 80 °C. Milli-Q water was fed both to the
anode and cathode compartments of the PEM cell at a flow rate of 1
mL min~" using a peristaltic pump (Ismatec Reglo Digital). The water
was preheated at 85 °C before passing through the PEM cell.

Linear sweep voltammetry experiments were conducted with a
PGSTAT 302N potentiostat (Metrohm Autolab), equipped with a 20
A booster. The cell voltage was scanned in the 1.3—2.2 V range. The
scan rate was set to 15 mV min~". During experiments, variations in
the recorded current densities have been observed. These are typically
caused by slight misalignments between the gas diffusion electrode
and the catalyst-coated membrane or as a result of inhomogeneities
during spray coating the catalysts over membranes. However, these
variations did not exceed 10 mA/cm? Errors bars are therefore not
indicated on the polarization curves. Electrochemical impedance
spectroscopy experiments were conducted at 1.5 V, with a
perturbation wave of 10 mV in the 16 kHz to 100 mHz frequency
range. Spectra were fitted using the NOVA software. Galvanostatic
chronoamperometry experiments were performed at 1 A cm™ current
density for 24 h.

3. RESULTS AND DISCUSSION

3.1. Iridium Oxide—Tin Oxide Catalysts Prepared by
SCS. Several synthesis methods for IrO,—SnO, OER catalysts
based on the modified Adams fusion method, modified polyol
method, and template-assisted synthesis are reported in the
literature.””*****> Often, the synthesis of nanosized iridium
oxide powder catalysts involves a series of time- and resource-
consuming steps. The SCS method can yield nanoparticulate
oxide catalyst powders in one step, eliminating washing and
separation procedures. This poses significant advantages in the
context of reducing the CO, footprint of catalyst manufactur-
ing and achieving a more sustainable chemical industry. We
took this advantage of SCS and applied this method to prepare
a series of IrO,—Sn0O, catalysts with 10, 25, 50, 75, and 90 wt
% SnO, content. The metal content was confirmed by X-ray
photoelectron spectroscopy (XPS). We decided to vary SnO,
in a broad range, to highlight the versatility of the SCS method
and to investigate how the SnO, content in the powders
influences the catalytic properties. The IrO,—SnO, catalysts
were tested for their oxygen evolution activity in a single PEM
electrolysis cell, accompanying the hydrogen evolution reaction
at the cathode.

3.1.1. Iridium Oxide—Tin Oxide Catalyst Characterization.
The synthesized powders were characterized by X-ray
diffraction (XRD), nitrogen physisorption, and TEM. The
most significant observation in the XRD patterns of the
catalysts is the shift of the most intense peaks compared to the

https://doi.org/10.1021/acs.energyfuels.3c03238
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reference values for IrO, and SnO, (Figure 1). This shift is
indicative of mixed oxide, more precisely solid solution,
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Figure 1. X-ray diffractograms of Ir,Sn, O, powders synthesized by
the SCS.

formation. IrO, and SnO, both crystallize in a tetragonal phase
with a = 0.4499 nm and ¢ = 0.3146 nm for IrO, and a = 0.4738
nm and ¢ = 0.31865 nm for SnO,, respectively.”**” Tonic radii
of Ir* and Sn*" are also similar, 0.077 and 0.083 nm,
respectively. As pointed out by Xu et al, according to the
Hume—Rothery theory, the formation of a solid solution of
IrO, and SnO, should be possible.”” The authors mention that
metastable solid solutions of IrO, and SnO, are formed under
well-defined composition and temperature conditions. More
recently, Marshall et al. succeeded in obtaining a metastable
solid solution of Ir—Sn oxides via a modified polyol method.*
Interestingly, the authors found that the Adams fusion method
yields a material with two distinct phases: an iridium-rich phase
and a tin-rich phase. The reason for the formation of the solid
solution is the formation of a highly mixed Ir—Sn phase during

synthesis, which is not achieved via the Adams fusion method.
In a further study, Marshall et al. tested their Ir—Sn mixed
oxide powders prepared by the polyol method in a PEM cell.**
Unfortunately, the catalysts containing tin showed inferior
performance compared to well-defined IrO, catalysts.

We performed lattice parameter refinement of X-ray
diffractograms to determine the sample composition. A good
agreement of the experimentally determined lattice parameter
a with values predicted according to Vegard’s law was found
(Figure S1 of the Supporting Information). The formation of
solid solutions, matching the Ir/Sn ratio calculated during
synthesis, was confirmed. The surface area of the SCS-prepared
samples, determined by nitrogen physisorption, varied between
18 and 43 m* g™' (Table S1 and Figure S15 of the Supporting
Information). No clear correlation was observed between the
IrO, and SnO, ratios and the surface area of the catalyst
powders.

Needle-like crystallites, similar to those previously observed
in our work on solution combustion-prepared IrO,—Al,O;
catalysts, were observed in TEM (Figure 2 and Figure S2 of
the Supporting Information).”’ From EDS mapping, high
dispersion and mostly uniform distribution of Ir and Sn
throughout the particles can be observed (Figure 2 and Figure
S3 of the Supporting Information). This is in good agreement
with the findings from the XRD analysis, indicating the
formation of an iridium—tin oxide solid solution.

3.1.2. Ir,Sn,_,0,: PEM Cell Performance and Over-
potential Analysis. After the successful synthesis and the
observation of mixed oxide formation, we proceeded with
testing the samples in the PEM cell for their catalytic activity in
the OER. For a fair comparison, we tested a series of MEAs
containing commercial IrO, loadings comparable to Ir,Sn, O,
MEAs. The anode catalyst loading for Ir,Sn, O, MEAs was
fixed at 2 mg cm ™2 The loading of iridium oxide MEAs was set
at 0.2, 0.5, 1, 1.5, and 2 mg cm > The assessment of MEA
performance was conducted by recording polarization curves
in the 1.3—2.2 V cell voltage range (Figure 3 and Figure S4 of

Figure 2. HRTEM micrograph of a Iry,sSn;,5O, catalyst synthesized by the SCS and EDS mapping of Sn and Ir.
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Figure 3. Polarization curves of Ir,Sn; O, and commercial IrO,
MEAs, with 0.75 mg cm™ of a 40 wt % Pt/C cathode catalyst, Nafion
115, and 80 °C.

the Supporting Information). As a first observation, the inferior
performance of Ir,Sn, ,O, MEAs compared to commercial
iridium oxide MEAs, even at low catalyst loadings, is noted.
Interestingly, the Iry,5Sny750, and Irg;5Sng 50, MEAs show a
similar performance, despite the significant differences in Ir
loading. The catalytic performance does not correlate with the
surface area determined by N, physisorption (Table S1 and
Figure S15 of the Supporting Information). The best
performing catalyst Iry,sSng,sO, exhibited the lowest
Brunauer—Emmett—Teller (BET) surface area in the series.
To understand the origin of poorer performance and higher

contribution of various overpotentials was decoupled by
deconvoluting the polarization curves (Figure SS of the
Supporting Information).”*™** The kinetic overpotential is
accessible from the Tafel plot analysis of the iR-free
polarization curves. The ohmic overpotential can be
determined from the ohmic resistance measured by electro-
chemical impedance spectroscopy (EIS). It is characterized by
a single parameter, the cell resistance determined from the
high-frequency intercept (HFR) of impedance spectra
measured for each MEA (Figure 4a and Figure S13 and
Table SS of the Supporting Information). Ohmic resistance
values, together with the kinetic parameters for each MEA, are
summarized in Table S3 of the Supporting Information. The
thermodynamic cell voltage is determined using the Nernst
equation. As the cell was operated at 80 °C, the calculated
value of the thermodynamic potential is 1.18 V. The remaining
overpotential contribution, after subtraction of the aforemen-
tioned terms, can be assumed to correspond to mass transport
overpotential.*

The ohmic resistance of commercial iridium oxide MEAs
increases linearly with a decreasing iridium oxide loading. This
correlation has been observed and described in the literature. It
can be explained by the decrease in catalyst layer thickness
with loading, leading to a less contiguous and less uniform

catalyst layer with a higher in-plane resistance.®

1,42

For

Ir,Sn,_,O, MEAs, a similar trend was observed. In comparison
to the commercial iridium oxide MEAs, recorded ohmic
resistance values for Ir,Sn, ,O, were higher for similar iridium
oxide loadings. This is likely due to a lower electronic
conductivity of Ir,Sn;, O, powders compared to IrO,, as
reported in the literature for IrO,—TiO, powders and Ir—Sn

. . . L 3443
cell voltage when the SCS-synthesized materials were used, the mixed oxides.”**
* ¢ 110,8n,,,,0
o~ I n
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Figure 4. (a) Ohmic resistance determined by EIS, (b) logarithm of the exchange current density determined from iR-free Tafel plots, (c) mass
transport overpotential at 2 A cm™ current density, and (d) double-layer capacitance as a function of IrO, loading for Ir,Sn,_,O, and commercial

IrO, MEAs.
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The kinetic overpotential is determined by two parameters:
(i) the apparent Tafel slope, from which the reaction
mechanism can be derived, and (ii) the exchange current
density, which contains information about the intrinsic
catalytic activity of the materials and available reaction sites.
The apparent Tafel slopes for most of the tested MEAs
exhibited values around 40—41 mV dec™’, in agreement with
commonly reported literature values for iridium-based OER
catalysts (Table $2).*** Ir,Sn,_,O, MEAs exhibited exchange
current densities of 2 orders of magnitude lower than
commercial IrO, MEAs (Figure 4b). The deconvolution of
the activation overpotential shows that the mixed oxide
powders have a significantly lower exchange current density
activity for the OER compared to commercial IrO,. On the
basis of the remarkable differences observed between the
commercial catalyst and the mixed oxide materials, this appears
to be the critical parameter for the lower performance of
Ir,Sn,_,O, powders. This could be due to a difference in the
electrochemically active surface area. For amorphous pure IrO,
catalysts, it was reported that the presence of a hollandite
structural motif translates into a higher catalytic activity
compared to catalysts that exhibit solely a rutile structural
motif.*® In each series, a slight decrease in the exchange
current density with decreasing iridium oxide loading is noted,
suggesting a decrease in the number of available reaction sites.

For similar IrO, loadings, Ir,Sn, ,O, MEAs exhibited
approximately 100 mV higher mass transport overpotentials
to reach 2 A cm™ current density compared to that of
commercial IrO, catalysts (Figure 4c). These differences could
be caused by differences in porosity of the catalyst layer.
Typically, ink formulations and ionomer content have an
influence on catalyst layer porosity. As we focused solely on
catalyst composition variation, other parameters were kept the
same. It is possible that differences in crystallite morphology of
Ir,Sn,_,O, powders compared to commercial IrO, lead to
changes in catalyst layer porosity. Optimization of parameters,
such as the ionomer content, in catalyst inks or hot pressing
could be able to improve mass transport overpotentials. This
may cause evolved oxygen bubbles to become trapped or
hinder their detachment from the catalyst surface and decrease
water molecule transport to the catalyst surface.

On the basis of the deconvolution of the polarization curves,
it is visible why the Iry,sSn;-5O, and Iry,sSny, sO, samples
show similar performance in the polarization curve. Despite the
higher ohmic resistance, the Iry,sSny,sO, MEA exhibits a
lower mass transport overpotential, which could be caused by a
favorable packing of powder in the catalyst layer.

Figure 4d shows the double-layer capacitance of the SCS
materials and the commercial IrO, catalyst as a function of
iridium loading on MEAs. The commercial iridium oxide
catalyst exhibits a significantly higher double-layer capacitance,
indicating an increased electrochemically active surface area
compared to the Ir,Sn, O, powders.

Stability experiments for Ir,Sn;_,O, MEAs indicated that a
performance loss becomes more significant with the SnO,
content (Figure S6 of the Supporting Information). Geiger et
al. reported SnO, leaching from doped tin oxide supports.”®
However, overnight acid treatment of catalysts by 1 M H,SO,
revealed no morphological and crystalline structure changes in
TEM and XRD (Figure S17 of the Supporting Information).
The stability experiment was performed at a 1 A cm™ current
density. In this region, the catalytic performance is determined
by the slope of the linear part of the linear sweep
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voltammogram (i.e., the ohmic resistance). Therefore, an
increase in MEA resistance as a result of morphological
changes of the ionomer structure and/or an increased porosity
of the catalyst layer could cause the performance loss, although
further detailed studies need to be performed to verify this
hypothesis.

In summary, the performance of Ir,Sn, O, MEAs is inferior
to commercial IrO, MEAs as a result of a combination of
effects: higher ohmic resistance, lower electrochemically active
surface area, and hindered mass transport through the catalyst
layer. The ohmic and mass transport overpotential at higher
cell voltage could be reduced in principle by the addition of a
conductive material or the optimization of catalyst layer
deposition methods. Nevertheless, the electrochemically active
surface area of Ir,Sn;_, O, powders prepared by SCS is a factor
that cannot be improved easily, making the mixed Ir—Sn
oxides unsuitable for commercial application as OER catalysts.

3.2. Sn/Ir Catalysts Prepared by the Precipitation—
Deposition Method. To investigate the promotional effect of
Sn in Ir-based OER catalysts further, we explored different
types of catalyst powders. The focus was switched from iridium
oxide to metallic iridium, which is not as active as iridium
oxide but provides satisfactory performance in the OER. In our
approach, we steered away from commonly reported methods,
in which the active iridium/iridium oxide component is
deposited over the support material (SnO,, antimony tin oxide,
indium tin oxide, etc.).l3’28’47’48 Instead, we started with
iridium black (i, metallic Ir) powder, over which we
deposited tin, via the precipitation—deposition method. In
the anodic conditions of the PEM electrolyzer, deposited Sn
would eventually oxidize to SnO,. With this nanostructured
Ir—Sn composite, the promotional effect of SnO, on iridium-
based OER catalysts, which was reported in the literature but
was not observed for Ir,Sn,_,O, MEAs, will be investigated
further. The approach could lead to an enhancement of the Ir—
Sn contact without the formation of a mixed oxide of solid
solutions, because the synthesis method that we adopted
cannot yield the formation of these by design.

With these in mind, we synthesized a series of catalysts with
S, 7, 10, 15, 20, 30, 50, and 90 wt % Sn coated over Ir black
(denoted as Sn/Ir). We took an approach similar to that for
IrO,—Sn0O, powders and decided to investigate a broad range
of iridium loadings. We were especially interested in the
promotional effect of Sn. For this reason, a stronger emphasis
was put on powders with low Sn loadings (10—20 wt %),
where the highest differences were expected. A series of
materials with smaller differences in Sn loading in this range
were prepared and investigated. We prepared and tested the
Sn/Ir MEAs with 2 mg cm™? catalyst loading, containing
iridium loadings of 1.9, 1.86, 1.8, 1.7, 1.6, 1.4, 1, and 0.2 mg
cm™?, respectively. For the sake of comparison and to observe
the effect of Sn addition, we also tested a series of MEAs
containing solely iridium black powder with loadings of 0.2,
0.5,0.7, 1, 1.5, and 2 mg cm™2

3.2.1. Sn/Ir Catalysts: Catalyst Characterization. XRD
patterns of Sn/Ir catalysts exhibit reflections specific to metallic
iridium (Figure S). Ir crystallite size determined using the
Scherrer equation is ca. 3 nm. No peaks characteristic of Sn or
SnO, could be observed for the powders with Sn loading up to
20%. This indicates that Sn/SnO, is present in an amorphous
phase or in a very small crystallite size and, thus, is not
detectable by XRD. Only for the catalyst with the highest Sn
loading, 90 wt %, broad peaks characteristic for Sn were
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Figure S. XRD patterns of Sn/Ir powders.

detected. This suggests that only at very high loadings does
Sn/SnO, crystallize with a long-range order, although the
crystallite size is very small (ca. 2 nm).

Agglomerates consisting of <5 nm crystallites and an
amorphous phase were observed in TEM (Figures S7 and S8
of the Supporting Information). Energy-dispersive X-ray
spectra in Figures S7 and S8 of the Supporting Information
reveal the presence of both iridium and tin in the sample. Both
iridium and tin were detected by elemental mapping, and
Figure S7 of the Supporting Information shows a high
dispersion of the two elements in the amorphous phase. A
good contact between the two phases was therefore achieved.

To clarify the composition of the crystallites present in the
sample, we measured d spacing of crystalline regions from
HRTEM, revealing the presence of iridium, tin, iridium oxide,
and tin oxide (Figure 6 and Figures S9—S11 of the Supporting
Information). Lattice d spacings were abstracted from the fast
Fourier transformation (FFT) of lattice fringes in areas shown
in red in Figure 6. Areas 1 and 2 in Figure 6 could correspond
to the IrO, (110) plane, with a lattice spacing of 0.32 nm. In
areas 3 and 4 in Figure 6, the determined lattice spacing of 0.34
nm could indicate the SnO, (110) plane. The (200) plane of
SnO,, with a lattice spacing of 0.24 nm, and the (211) plane of
Sn, with a lattice spacing of 0.20 nm, were also identified
(Figures S9 and S10 of the Supporting Information). The
preparation of the catalysts did not involve any oxidation steps,

and metallic iridium is not expected to oxidize under ambient
conditions. However, given the high surface area of the
materials and the fact that the samples were not stored under
an inert atmosphere, the formation of an ill-structured sub-
oxide is possible (Table S4 of the Supporting Information).
Furthermore, TEM experiments were conducted at a later time
compared to XRD, which might explain why IrO, crystallites
were not identified in XRD patterns. Sn forms a protective
oxide layer on the surface, preventing its oxidation.

3.2.2. 5n/Ir Catalysts: PEM Cell Performance and Over-
potential Analysis. Polarization curves in PEM water
electrolysis using Sn/Ir catalysts at the anode were recorded
in the 1.3—2.2 V cell voltage range (Figure 7). The most
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1.8

50% Sn
- = -Ir2mg cm?
- - -Ir 1 mgcm?
11% Sn

Cell voltage / V

0 1000 2000 3000 4000 5000

Current density / mA cm™

Figure 7. Polarization curves of Sn/Ir MEAs and Ir black MEAs, with
0.75 mg cm ™2 of a 40 wt % Pt/C cathode catalyst, Nafion 115, and 80
°C. The error bars in the polarization curve represent variations in the
current density of MEAs as a function of Sn loading in MEAs with
10—20 wt % Sn.

notable observation in the polarization curves is that Sn
addition leads to higher current density at the same cell voltage
compared to Ir black MEAs with similar Ir loadings.

To gain further insights into the underlying causes of the
performance enhancement as a result of Sn addition, we
performed overpotential analysis (Figure 8).

The ohmic resistance of iridium black MEAs is found to be
almost independent of the Ir loading (Figure 8a and Figure
S14 and Table SS of the Supporting Information). Sn/Ir MEAs

0.32 nm Ir0, (110)
] 0.32nm IrO, (110)

0.34 nm SnO, (110)

0.34 nm SnO, (110)

Al

Figure 6. HRTEM micrograph of a 10 wt % Sn/Ir catalyst, calculated d spacing, and corresponding planes for selected areas.
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Figure 8. (a) Ohmic resistance determined by EIS, (b) logarithm of the exchange current density determined from iR-free Tafel plots, (c) mass
transport overpotential at 2 A cm™2 current density, and (d) double-layer capacitance as a function of iridium loading for Sn/Ir and Ir black MEAs.
The error bars in the figures represent variations in current density of MEA as a function of Sn loading in MEAs with <20 wt % Sn.

exhibit slightly lower ohmic resistance at higher Ir loading.
Nevertheless, the difference in the ohmic resistance values
between the Sn/Ir MEAs and Ir black MEAs is small.

Looking at the kinetic overpotential, both the apparent Tafel
slopes of the Sn/Ir MEAs and iridium black MEAs display
similar values of 39—40 mV dec™ (Table S3 of the Supporting
Information), in agreement with the literature values,
suggesting that oxygen evolution follows the same reaction
mechanism for both types of catalysts. The MEAs with the
highest tin loading (90 wt %) and equivalent Ir loading of
iridium black (0.2 mg cm™2) show significantly higher Tafel
slope and represent an exception (Table S3 of the Supporting
Information). The higher apparent Tafel slope observed does
not necessarily point to a different reaction mechanism, but as
reported by Bernt et al., it could suggest additional voltage
losses for the very thin and inhomogeneous catalyst layer,
which we also visually observed during MEA preparation.*”
Additionally, it is possible that the Pt-coated titanium gas
diffusion layers (GDLs) were partially in contact with the
Nafion membrane directly, particularly for the 90 wt % Sn
MEA as a result of the thin catalyst layer, and might have
exhibited some OER catalytic activity themselves, altering the
value of the apparent Tafel slope.

The exchange current density displayed by Sn/Ir MEAs with
<30 wt % Sn catalysts is 1 order of magnitude higher compared
to iridium black MEAs (Figure 8b), illustrating the strong
promotional effect of Sn in the OER. The exchange current
density decreases slightly with iridium loading on both types of
MEAs, which can be attributed to the decrease in the active
catalyst surface area, leading to a lower number of surface
reaction sites.

Figure 8¢ shows no effect of Sn addition on mass transport
overpotentials, with similar values for all MEAs.
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In Figure 8d, the electrochemically active surface area as a
function of Ir loading on MEAs is presented. Sn addition up to
10 wt % to the powders increases the electrochemically active
surface area by 1 order of magnitude (Figure S14 and Table S$
of the Supporting Information). This suggests that Sn acts as a
spacer between catalyst particles, increasing the number of
available iridium reaction sites, which leads to superior
performance compared to Ir black MEAs.

Furthermore, the stability of the nanostructured Sn/Ir
catalyst was investigated. Chronopotentiometry experiments
at 1 A cm™? for 24 h were conducted to investigate how the
stability of the 10 wt % Sn/Ir catalyst compares to Ir black
(Figure S12 of the Supporting Information). No increase in
cell voltage could be observed during experiments, showing
that Sn addition does not affect the long-term stability of
MEAs. Scanning electron micrographs of the MEAs after the
long-term stability test were recorded (Figure S16 of the
Supporting Information). A uniform distribution of Sn was
observed for MEAs with <20% Sn loading. The 90% Sn/Ir
MEA exhibited aggregates of Sn, indicating tin migration at
high loadings.

To summarize, we were able to prepare iridium tin OER
catalysts, which valorize the promotional effect induced by the
tin addition. The primary parameters at which the Sn/Ir MEAs
excel are the lower kinetic overpotential and improved mass
transport and, to a lesser extent, the lower ohmic resistance
compared to iridium black MEAs. A tin loading of around 11
wt % appears to be the optimum for achieving the superior
performance with excellent long-term stability. MEAs with tin
loadings higher than 20 wt % exhibited exchange current
densities of 1 order of magnitude lower. It is possible that at
high tin loadings the surface of iridium particles becomes
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covered with tin oxide to a level at which the promotional
effect is counterbalanced by a lower availability of surface sites.

4. CONCLUSION

We investigated the performance of two types of iridium-based
OER catalysts in a PEM electrolysis cell: Ir,Sn;_,O, catalysts
were prepared by the SCS method, and Sn/Ir catalysts were
prepared by the precipitation—deposition method. The goal of
the study was to investigate whether addition of tin to iridium-
based catalysts improves the cell performance and to elucidate
the structural factors to induce Sn—Ir synergistic effects. The
MEAs prepared by the SCS method did not show a superior
performance compared to MEAs with commercial iridium
oxide as a result of a higher ohmic resistance of the catalysts as
well as a lower electrochemically active surface area of the
materials. In contrast, Sn/Ir MEAs performed better than the
counterpart, i.e., iridium black MEAs. The main contribution
for the better performance is the higher exchange current
density for Sn/Ir MEAs, which is caused by a higher number of
available surface reaction sites, leading to a higher degree of
iridium utilization. Sn addition did not affect the mass
transport overpotentials of the MEAs. Further operando
investigations of these catalysts are required to confirm or
disprove this hypothesis, which we will cover in our future
works on the subject. Our results illustrate that the catalyst
synthesis method, spatial distribution and mixing of Sn and Ir,
and oxidation state of iridium are crucial to induce Sn—Ir

synergy.
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