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% Check for updates Water electrolysis using proton exchange membrane technology offers an

ideal process for green hydrogen production, but widespread deployment
isinhibited by insufficient catalyst activity, stability and affordability.
Iridium-based oxides provide the best overall performance for acidic water
oxidation, the limiting reaction for this process, but further improvements
areimpeded by poor understanding of the restructured active catalyst
surface that forms under reaction conditions. Here we present a
combination of X-ray and electron scattering data that reveals direct
evidence for three paracrystalline structural motifs at the restructured
surfaces of highly active catalysts (including rutile IrO, and perovskite
SrlrO;) that have previously been described as amorphous. These insights
enable the design of a paracrystalline IrO, catalyst that isindependent of the
bulk crystalline support and maintains higher activity, longer stability and
more effective use of iridium to promote the production of green hydrogen.

Water oxidation, also known as the oxygen evolutionreaction (OER), in
acidicelectrolyteisacritical bottleneck of proton exchange membrane
electrolysers for the production of green hydrogen. Beyond hydrogen,
the OER also plays a pivotal role in many electrosynthesis processes that
willbecome essential in our pending transition to renewable energy' .
Therefore, a highly active, durable and affordable OER catalyst is one
of the most critical targets of modern electrochemistry* . However,
the highly oxidative potentials, strongly acidic conditions and slug-
gish kinetics greatly limit the choice of catalyst material”®. Among
the few available materials, the most promising and studied catalyst
systems are primarily iridates (that is, A,IrO,, where Ais a group I-1IA
or IlIB metal)®'°, many of which display an enhancement in OER activ-
ity upon initial electrochemical activation while undergoing surface
rearrangement.

Current research directions often aim to enhance activity and
stability by tuning bulk crystal phases (for example, 3C-phase cubic
perovskites (with ABO; stoichiometry, where A and B are cations)’,
6H-phase hexagonalstructures”, Ruddlesden-Popper series (A,,,B, X,

stoichiometry, where Xisananion)'?, double perovskites (AA’BB’O,stoi-
chiometry)'or pyrochlores (A,B,X,Y,where Y isnon-stoichiometricX)"),
substituting alternative A site elements (for example Sr (ref. 14), Li
(ref.15), Ca(ref.16), Ba (ref.17) or rare earth metals'®) or adopting other
modifications (for example, incorporating Co (ref.19), Fe (ref. 20)
or Zn (ref. 21)). Whereas these approaches have resulted in unique
variations in activity and stability, these materials share a common
fate of surfaceIrO, layer reconstruction and amorphization, providing
arange of undefined active sites for the OER. Therefore, the relevant
electrocatalytic properties of these iridates are determined by the
Ir-O structural motifs within the surfaceIrO, layer, instead of the bulk
crystals of the pre-catalysts.

This dynamicrestructuring during the reaction has made identify-
ing, understanding and optimally harnessing these amorphized IrO,
motifs extraordinarily difficult. Characterizing such materialsis chal-
lenging due tointerference fromthe electrode substrate or bulk crys-
talline material, which may obscure the signal from amorphized active
site motifs. Furthermore, accurate microscopy of amorphous materials
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Fig.1|Microscopy studies of catalysts derived fromiridates. a, Schematic
illustration of material syntheses. Rutile Fe-doped IrO, (Fe:IrO,) is used asboth a
sample and the precursor for other samples. Perovskite Fe:SrlrO, was obtained
with Sr:Ir = 1:1 via a calcination method and is shown to experience surface
amorphization and reconstruction during the OER process. Paracrystalline
Fe:IrO, was obtained with excess Sr via calcination and acid washing; its pristine

Sr:r="1:1
1,000°C,12 h

IrO,/Fe:SrirO,

Perovskite SrirO
¢ (Fe:SrIrO4-n CV cycles)

(Fe:SrirOy)

morphology is maintained after OER testing. Atom colours: Ir, blue; O, red; Sr,
green. b-e, Fourier-filtered annular bright-field STEM images of paracrystalline
Fe:IrO, (b), rutile Fe:IrO, (c), perovskite Fe:SrlrO; (d) and surface-amorphized
IrO,/Fe:SrIrO; (e). Dashed lines in b,e are shown to highlight the catalyst surface
versus the background or interface between amorphized surface layer and bulk
crystalline material.

is particularly difficult due to alack of high-sensitivity direct electron
detectors, without which, beam-induced damage causes unpredictable
transformations such as crystallization?>*, forming structures that do
notrepresent theactive catalyst. Consequently, currentknowledge and
insights have primarily been limited to confirming the existence of a
nominal amorphous Ir-enriched surface layer***, whereas few other
studies have proposed possible Ir-O structural motifs (for example,
corner-” or face-shared octahedra®, rutile?®, hollandite”, honeycomb?
and so on). However, direct or systematic experimental evidence of
these structural motifs within the amorphized IrO, layer and their
structure-function relationships have remained elusive. Theoretical
studies have assessed the performance and properties of several pro-
posedIr-Ostructures, but these insights are still imited by the massive
computational power needed to assess the sheer number of possible
structures” and debated reaction mechanisms?. Furthermore, the
ability to stabilize these highly active IrO, motifs without needing a
bulk crystalline material to support surface restructuring and provide
long-term stability is a promising approach to enable enhanced per-
formance and utilize platinum group metals effectively.

We present direct evidence of short-to-medium-range-order
(7-9 A) paracrystalline structures for the previously described amor-
phized IrO, surface layers formed on SrlrO, perovskites upon driving
the OER under acidic conditions. We leverage a unique combination
of advanced characterization techniques, including the localized
electron pair distribution function (ePDF) through four-dimensional
scanning transmission electron microscopy (4DSTEM), the X-ray scat-
tering pair distribution function (xPDF) and extended X-ray absorption
fine-structure (EXAFS) spectroscopy, to gather clear evidence for three
fundamental [Ir-O,] octahedral connection types that comprise these
highly active IrO, materials. Furthermore, we stabilize paracrystalline
IrO, nanoparticles with motifs that are highly similar to amorphized
Ir0,/SrirO; surfaces after the OER, and we exhibit excellent OER per-
formance, long-term stability and improved Ir utilization without the
need forabulk crystalline support material. The results presented here
address many long-standing questions regarding the structure, active
sites, dynamics and chemical properties of highly active IrO, structural
motifs derived from crystalline materials, such as perovskite SrirO,,
synthesized herein powder form via Fe doping. Finally, this study opens
research avenuesinto paracrystalline IrO, materials and demonstrates
the application of advanced electron-scattering-based methods to

carefully examine such materials, providing valuable insights for the
next generation of electrocatalysts.

Results
Catalyst synthesis and structural analysis
SrlrO, perovskite and paracrystalline IrO, nanoparticles were syn-
thesized using a modified calcination synthesis starting from rutile
IrO, nanoparticles (Fig. 1a,c and Supplementary Figs.1and 2). Fe was
included (atan Fe:lrratio of 1:4) as a critical phase-selection agent (char-
acterization of Fe is included in Supplementary Note 10) to synthe-
size the crystalline 3C perovskite (thatis, Fe-doped SrirO, (Fe:SrirO,);
Fig.1a,d and Supplementary Figs. 3 and 4), and excess Sr precursor
was used (atan Sr:Irratio of 5:1) to achieve the uniform paracrystalline
patternsshowninFig.1a,b and Supplementary Figs.5-8 for Fe-doped
IrO, (Fe:IrO,). The paracrystallinity of Fe:IrO,is highly consistent with
thesurfaceIrO, of the SrlrO, perovskite nanoparticles after OER testing
for2,000 cyclicvoltammetry (CV) cycles (Fe:SrlrO,-2,000; Fig. 1e and
Supplementary Figs. 9-12), but Fe:IrO, itself does not exhibit any obvi-
ous morphological change after the OER (Supplementary Figs. 13-15).
(See Supplementary Note 1for additional microscopy studies.)
Without signal interference fromatraditional bulkiridate crystal
beneath a surface-amorphized active catalyst layer, paracrystalline
Fe:IrO, enables acombination of xPDF studies derived from X-ray total
scattering and EXAFS spectral analysis to reveal the structure of Fe:IrO,
directly (Fig. 2a,b). First, the broad scattering ring (Fig. 2a) and result-
ing XxPDF—denoted by G(r)—with features limited to 7-9 A or shorter
highlight the short-range-order paracrystalline structure of Fe:IrO, that
parallels our electron microscopy image (Supplementary Fig. 5). By
comparison, crystalline materials (that is, Fe:SrlrO, and Fe:IrO,) exhibit
sharper scattering rings and G(r) peaks over longer ranges, whereas
completely amorphous materials exhibit G(r) peaks over distances
shorter than 4 A (ref. 28). Second, three main G(r) peaks are identified
for Fe:Ir0, at2.00 A (Ir-0), 3.09 A (Ir-Ir edge) and 3.57 A (Ir-Ir corner
with ZIr-O-Ir = 128°); from Fourier-transformed EXAFS data, the cor-
responding coordination numbers (CNs) are fitted at 6.06, 4.36 and
4.38, respectively. These path lengths and associated CNs identify the
basic unit structures as [Ir-O4] octahedra that share edges or corners
and limit the possible structures to only three types of connection,
referred to here as typel, Iland Ill (Fig. 2d and Supplementary Figs. 16
and17). Theseresults exclude some important structural candidates,
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Fig. 2| Characterization of catalysts derived fromiridates. a, xPDF G(r)
functions, with X-ray total scattering patterns shown as insets. b, Iridium L3-edge
Fourier-transformed EXAFS data. ¢, Oxygen K-edge XAS data. d, Schematic
illustration of the three identified [Ir-O4] octahedral connection types of
paracrystalline Fe:IrO, with Ir-Ir bond lengths. Colours of arrows and labels
match theidentified xPDF G(r) peaksin a. e-h, Virtual annular dark-field STEM
images reconstructed from 4DSTEM datasets with diffraction patterns shown
asinsets. Theinsetin e shows the averaged diffraction pattern over the whole
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field of view for Fe:IrO,. The insets in f~h show the diffraction patterns for the
amorphized surface of Fe:SrlrO5-2,000 averaged over the marked square boxes;
note that regions F2, G2 and H3 are deeper within the sample and show features
fromthe bulk crystal. i, The ePDF g(r) functions associated with e-h. *Curve
ishows the same xPDF data as in abut with truncated resolution for direct
comparison with the ePDF results (curvesii-vii). j, Schematic illustration of the
three local structures found in the amorphized surface of Fe:SrlrO;-2,000.

such asthe corner-sharing perovskite-type structure (£ZIr-O-Ir = 180°)
or face-sharing octahedra, rutile-, brookite-, pyrite-, columbite- and
anatase-type motifs as they do not match the analysed structures
(Supplementary Figs.18-20)%.

Consistent with several previous hypotheses, we find that hol-
landite or romanechite contain some similar structural motifs*?%3°
but are still not an exact match. (Supplementary Note 2 includes
an extended discussion on the identification and exclusion of the
respective structures.) Oxygen K-edge X-ray absorption spectroscopy
(XAS; Fig. 2c) shows that Fe:IrO, has a broad e, feature without sharp
peaks, which alsoindicates a highly disordered structure and excludes
rutile, brookite and anatase crystal patterns, consistent with previous
observations®.

For electrolysis, the samples are mixed with various forms of car-
bon that contribute scattering signals; these signals interfere with
structural analysis, precluding use of the above-mentioned techniques
to analyse the cycled materials and thus presenting a major difficulty

in many studies of iridate OER catalysts. By comparison, the spatially
localized electron probe of ePDF enables the region-specific/selective
study of the catalyst material without interference from its support.
However, amorphous and paracrystalline structures are extremely
sensitive to electron irradiation: incoming electrons immediately
reduce the IrO, and nucleate metallic Ir clusters that grow into nano-
particles under continued irradiation. This damage process occurs
rapidly under typical imaging conditions, and substantial crystalliza-
tionisalready presentinthefirstacquiredimage, suchthattheelectron
beam-induced damage can go entirely unnoticed (Supplementary
Figs. 21-24 and Supplementary Videos 1-3). For ePDF studies in this
work, special care was taken to minimize radiation damage; datawere
collected using fast electron detectors (20,000 frames per s) and
low electron currents on previously unexposed sample areas (Sup-
plementary Note 3). In doing this, we disclose the rearranged local
surfacesstructure of OER-tested Fe:SrlrO,-2,000 and prove its structural
similarity to the as-synthesized Fe:IrO,. Figure 2e shows the uniform
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diffraction ring pattern detected across the whole field of view, result-
inginan ePDF—denoted by g(r)—that shows excellent agreement with
the resolution-truncated xPDF results for Fe:IrO, (Fig. 2i(i),(ii)). This
ePDF-derived g(r) function reveals two major peaks at 2.00 A (Ir-O
bond) and3.35-3.45 A; the latter represents a convolution of the 3.10 A
and3.60 A Ir-Ir path lengths that appear as separate peaks in the higher
resolution xPDF. This ePDF-xPDF comparison reveals local and broad
homogeneity of Fe:IrO, and supports the robustness of the following
measurements.

Examining the rearranged surface IrO, layer of the perovskite
catalyst after 2,000 CV cycles of OER testing (Fe:Srlr05-2,000), we
map the spatial distribution of crystalline and paracrystalline regions
(Supplementary Figs. 25 and 26) and identify three representative
local structuresin these paracrystalline regions. Figure 2f-h highlights
various paracrystalline zones (F1, G1, Hland H2) with clear diffraction
rings that translate into g(r) functions, in addition to mixed paracrys-
talline and crystalline zones (F2, G2 and H3) that feature long-range

ordering manifesting as well-resolved diffraction patterns (Supplemen-
tary Fig. 25). The g(r) functions in Fig. 2i(iii)-(vii) and Supplementary
Fig. 27(iii)-(vii) are derived from regions within the surface IrO, layer
of Fe:Srlr0,-2,000 and show signal termination at 7-9 A, exhibiting the
same degree of paracrystallinity across these IrO, structural motifs.
Peaks at -2.0 A are consistent across the samples and are indicative of
their invariant Ir-O bonds, whereas the varying positions of the Ir-Ir
peaksreflect their structural differences. Zone F1shows a convoluted
Ir-Ir peak at 3.4 A, indicating a very similar structure to Fe:IrO, (that s,
containing typel + Il + Il connections; Fig. 2j), whereas zone Gl exhibits
atype-l-only structure, identified by the 3.1 A peak. Moreover, zones HI,
H2 and H average (H,,,) all show peaks at 3.6, 4.3 and 5.6 A, consistent
with the type-Ill-only structure (Supplementary Fig. 28) and similar to
the theoretically proposed R-IrO; or a-IrO, structures®?,

Fe:IrO, and the surface of Fe:SrlrO5-2,000 are highly similar yet
have observable differences: they both exhibit paracrystallinity with
the same range order and the same three types of [Ir-O] octahedral
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connection; although much of the local structure is identical, Fe:IrO,
shows a homogeneous combination of the three connection types,
whereas the Fe:SrlrO,-2,000 surface layer exhibits some heterogene-
ity, with type-I-only or type-Ill-only zones observed in some regions
(Supplementary Fig. 29).

Structural evolution and active site identification
Electrochemical analysis was conducted to assess the short- and
long-term electrochemical performance and dynamic behaviour of
these materials. Figure 3areveals alarge double-layer capacitance for
Fe:IrO,, several times greater than Fe:SrlrO; and Fe:IrO,, which con-
tributes to its high OER activity (Supplementary Figs. 30 and 31). The
capacitance of all of the materials increases upon repeated cycling
from 1.22to 1.77 V versus the reversible hydrogen electrode (RHE)
(Supplementary Fig. 32). Moreover, these materials exhibit similar
activity trends during cycling with aninitial increase in activity until a
maximum performance is reached, followed by a slow decay (Fig. 3b
and Supplementary Fig. 32). Notably, Fe:IrO, exhibits the best activity
among all of the samples, achieving a current density (/) thatis around
sixfold and ~-25-fold higher (at 1.53 V) compared with Fe:SrlrO; and
Fe:lIrO,, respectively, withasmaller OER charge-transfer resistance and
aslower activity decay at high cycle numbers (Supplementary Figs. 33
and 34). Fe:IrO, retains considerable activity, even after 20,000 CV
cycles, whereas Fe:SrlrO; shows amajor performance loss; Fe:IrO, loses
almost all activity within only 2,000 CV cycles. The mass-normalized
current density of Fe:IrO, is around fourfold greater than Fe:SrirO,.
Normalizing by capacitance, both materials exhibit a slightly higher
intrinsicactivity thanrutile IrO, (Supplementary Fig. 35), indicating that
some of theidentified structural motifsin Fe:IrO,and at the surface of
OER-tested Fe:SrlrO, exhibit superior activity compared with the rutile
structure. Electron microscopy studies show that the overall morphol-
ogy of Fe:IrO, does not change substantially after 2,000 or even 20,000
CV cycles (Supplementary Fig. 36); the ePDF results of Fe:Ir0,-2,000
alsoshow a highly similar g(r) function compared with pristine Fe:IrO,
(Supplementary Fig. 37). These findings suggest that these materials
are not likely to produce any additional structural motifs beyond the
three identified connection types.

XAS of the materials before and after electrochemical stability
testing revealed achangein thelr valence state (Fig. 3¢, Supplementary
Figs. 38-43 and Supplementary Table 1). The initial Ir valence state
of Fe:IrO, is close to Ir* but increases upon OER cycling and reaches
higher than Ir*" at 20,000 CV cycles, possibly generated via gradual
structural fragmentation or Ir vacancies. Fe:SrlrO;shows a highinitial Ir
valence state of Ir*", which then decreases to Ir**, matching the pristine
Fe:IrO, material and consistent with a previous observation®. Following
surface amorphization, the Fe:SrlrO, sample closely matches Fe:IrO,,
and shows a similar increase in Ir valence state through subsequent
catalyst ageing.

Besides the chemical state, the CN before and after OER stability
testingis another key indicator of structural changes (Fig. 3d, Supple-
mentary Figs. 44 and 45 and Supplementary Tables 2-5). All Ir-O CNs
aresix, indicating that[Ir-O4] octahedraare still the basic building unit,
even after extended OER testing. Nonetheless, the various identified
connection types exhibit different responses during catalyst ageing.
Typel connections exhibit minimal change, with a consistent value of
CN=4.4-4.7 for the Fe:IrO, samples at all time points during testing,
showing the high stability of this motif. Conversely, type II/Ill con-
nections exhibit much less stability, with CNs that notably decrease
from 4.38 to 2.74 after 2,000 CV cycles and to 1.62 after 20,000 CV
cycles. During extended testing, the degradation of type Il connec-
tions may lead to structural fragmentation, increased Ir valence states
(Supplementary Table 6), the formation of surface Ir vacancies
(Supplementary Fig. 46) or transformation to type Il connections.
After an extended time period, degradation of type II/Ill connections
may also cause Ir leaching or conductivity loss, contributing to eventual

activity decay. This finding is also consistent with the notably lower
stability of reference sample Fe:IrO,, which has exclusively typell con-
nectivity (Supplementary Fig. 47).

Insitu XAS also reveals uniquely reversible properties for Fe:IrO,
during OER cycling, featuringagradualincrease inthe Ir valence state
to Ir** and a contraction of the Ir-O bond (-2.5% from 2.01t01.96 A)
while maintaining CN = 6 atincreasingly oxidative potentials (Fig. 3ef,
SupplementaryFigs.48 and 49 and Supplementary Tables 7 and 8). On
returningto less oxidative potentials, these properties revert to their
earlier states. This reversible behaviour persists after 20,000 CV cycles
but is slightly weaker (Supplementary Fig. 50), correlating with the
small activity loss over time. Interestingly, these reversible dynamics
arenot observed duringthe very first cycles of pristine Fe:IrO,, when it
exhibitsaslightly lower initial activity (Supplementary Fig. 51), perhaps
duetoamoreinterconnected and inflexible structure. By comparison,
no obvious change in the valence state or bond length with cycling
can be observed in the fully crystalline Fe:SrlrO, and Fe:lrO, samples
(Supplementary Figs. 52 and 53). We hypothesize that the paracrystal-
line nature of the Fe:IrO, catalyst enables this dynamic valence state
and bond length, which appearstobecrucial toits high performance.
An overview of the dynamic stability observed for these materials
and anillustration of the proposed structural evolutionisincluded in
Supplementary Note 8.

Density functional theory (DFT) calculations were used to further
assess the properties of the experimentally identified catalyst motifs
andelucidate their structure-activity relationships. Owing to the com-
plexity of modelling the active site motifs of the actual paracrystalline
materials, we selected crystalline materials that closely resemble the
three connection types and calculated the theoretical OER overpoten-
tial (norr) values for stable active site motifs (Fig. 4a-f, Supplementary
Tables 9-12 and model details in Supplementary Note 7). We consider
both pristine structures and those with Ir vacancies to represent the
paracrystallinity of these materials. Figure 4g shows the calculated
Noer Values of different active site models using the adsorbate evolv-
ing mechanism (AEM; Fig. 4i, top) that proceeds through adsorbed
hydroxyl (OH*), oxygen (O*) and peroxo (OOH*) species (Supplemen-
tary Fig. 54)%". The type  motifis best represented by birnessite. The Ir
sites on birnessite (001) surfaces have aweak OH* adsorption energy,
resulting in poor activity (o =1.32 V; Fig. 4a), but the edge sites of
birnessite (100) exhibit comparatively enhanced activity (7, = 0.87 V;
Fig.4b). By comparison, the Ir sites of type Il/lll connections show high
activities: type Il motifs (rutile; Fig. 4c) and type lll motifs (IrO,; Fig. 4d)
exhibitlow overpotentials of 0.59 Vand 0.66 V, respectively. Similarly,
the edge site motifs of hollandite (100) (Fig. 4e and Supplementary
Fig. 55), romanechite (100) (Fig. 4f and Supplementary Fig. 55) and
romanechite (001) (Supplementary Fig. 55) contain Ir sites with type
Ilconnections that have high predicted OER activities (ngg = 0.57,0.46
and 0.73 V, respectively). These theoretical studies further support our
hypotheses that the high activity of these materials is more strongly
related to typell/lll connections than typel, although these crystalline
material models do not perfectly match the paracrystalline structure
identified experimentally.

Iridium vacancies were also introduced to the calculated
structures to represent incomplete crystallinity in these materials.
Generally, defected structures with Ir vacancies have higher Ir valence
states, withsome approachingIr®" (Supplementary Table 13). From the
viewpoint of the stability, birnessite (001) has the highest Ir vacancy
formation energy of 5.38 eV (Supplementary Table 14), indicating a
high energy barrier to creating vacancies and causing fragmentation
of these structures, further confirming the experimental results that
indicate the high stability of type I motifs. From the viewpoint of the
activity, defect-containing birnessite has aslight activity enhancement
compared with pristine birnessite, whereas defect-containing rutile,
hollandite and romanechite show more diversity of activity, with some
sites exhibiting very high activity for the OER (Supplementary Figs. 55
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Fig. 4| OER theoretical analysis. a-f, Structural models of birnessite (001)

(a), birnessite (100) (b), rutile (110) (c), Ir0, (001) (d), hollandite (100) (e) and
romanechite (100) (f) used for DFT investigations to represent type I, Iland Ill
connections. Atom colours: Ir, blue; O, red. Black arrows identify the active

sites considered for the OER. CN,,,4¢, simulated CN; CN,,,, measured CN.

g, Two-dimensional OER activity plot of the theoretical overpotential (17ox)
values for the active site models (corresponding to a-fin this study) as a function
of AG,. = AGg,-and AG,,. using the AEM. The contour map is constructed using

O 2p band centre (eV)

the scaling relation of AGygy. = AGgy. + 3.2 €V. Ir,, Ir vacancy site; Ir,, @CUS, Ir
vacancy at a coordinatively unsaturatedsite; Ir, @bridge, Ir vacancy at abridge
site. h, Differential electrochemical mass spectrometry study of Fe:IrO,-2,000.
I, current. i, Schematic representation of the possible OER mechanisms
considered in this study: AEM (top) and LOM (bottom). H" + €7, proton-coupled
electron transfer (PCET) step. j, Correlation between the computed OER LOM
overpotential and the O 2p band centre for selected motifs, where the key to the
motifsisthesameasing.

and 56). For example, romanechite (100):Ir,,. (motif F'in Fig. 4g) exhib-
its a substantially lower overpotential of 0.39 V. Thisindicates that the
fragmentation of long-range crystal structures into short-range motif's,
elevated Ir oxidation states and the high structural diversity of these
materials support highly active reaction sites, and are key features of
high-performance IrO, OER catalysts.

Monitoring the mass of evolved O, from Fe:IrO, labelled with
180 reveals the formation of 20, and *0,, while *0, is absent (Fig. 4h
and Supplementary Fig. 57); this indicates the existence of the single-
vacancy lattice oxygen mechanism (LOM; Fig. 4i, bottom, and
Supplementary Fig. 58), which is also observed in Fe:Srir0;-2,000
samples (Supplementary Fig. 59). Examining the OER activity of the
surface models using the LOM (Fig. 4j), we found that most of the
pristine surfaces are predicted to have limited LOM activity due to
high oxygen coupling energies. However, with the introduction of
Ir vacancies (Fig. 4i,j), there is a substantial positive shift of the O 2p
band centre for all structures, consistently inducing an enhancement

in the LOM activity. For example, LOM activation on birnessite edge
sites reduces the nqg from 1.66 to 0.40 V (Supplementary Fig. 55),
demonstrating that these fragmented oxide structures can support
highly active sites through the LOM as well.

Conclusions

Through the systematic characterization of Fe:IrO, and perovskite
Fe:SrirO,, we have brought understanding to the highly active amor-
phizedIrO,surface layers that evolve under reaction conditions from
crystalline iridates. These highly active structural motifs consist of
short-range-order [Ir-O¢] octahedrawith three basic connectiontypes;
theidentified typel connections probably provide enhanced stability
and the typell/lll connections primarily contribute to high activity via
both AEM and LOM pathways. The structural diversity and paracrystal-
line nature of these materials support the dynamic stability observed
as these catalysts are resilient to changes in Ir valence state and Ir-O
bond lengths with changes in potential and extended cycling. As a
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result, Fe:IrO, exhibits a much slower activity decline compared with
commonly investigated crystalline catalysts such as rutile IrO, and
iridate perovskites.

Through this work, we have monitored and mitigated electron-
beam-induced crystallization, which has been a poorly defined yet
criticalissue foramorphous and paracrystalline materials, to establish
a minimal-dose workflow for damage-free imaging. This work also
introduces the comprehensive characterization of complex electro-
catalysts via a combined XAS-xPDF-ePDF experimental workflow,
enabling both local and global characterization, which is critical for
understanding catalyst evolution before and after electrochemical
testing. These discoveries answer long-standing questions about
structure, activity, stability and degradation processes for iridate
catalysts. We have also applied this understanding and developed a
synthesis method for paracrystalline materials that exploits controlled
calcination and elemental leaching to generate catalysts that stabi-
lize these highly active paracrystalline structural motifs, without the
need for bulk material support. Thisapproach enables a substantially
enhanced surface area and the utilization of platinum group metals,
perhaps paving the way for the next generation of dynamically stable
OER catalysts.

Methods

Synthesis of rutile Fe:IrO, nanoparticles

Fe:IrO, nanoparticles were synthesized through a template method
using SBA-15 mesoporous silica. SBA-15 with a pore size of 10 nm
was prepared on the basis of previous work?®?. IrCl, (175 mg) and
Fe(NO;);-9H,0 (70 mg) were fully dissolved in ethanol (5 ml) with sev-
eral drops of HCI. Next, SBA-15 (60 mg) was added to the solution and
sonicated for 2 htoachieve ahomogeneous solution. This solution was
thenplacedinanovenat40 °C overnight to evaporate the solvent. The
mixture was then heated at 500 °C for 2 hin abox furnace. After that,
theblack powder was washed several times by dispersionin2 M NaOH
and heating to 90 °Cfor 1 h to remove the SiO, template.

Synthesis of paracrystalline Fe:IrO,

In a typical synthesis, Fe:IrO, (30 mg) was dispersed in H,0 (15 ml)
and sonicated untilahomogeneous solution was formed. Next, a5 ml
volume of an aqueous solution of polyvinylpyrrolidone (300 mg)
and a 5 ml volume of an aqueous solution of Sr(NO,), (141 mg) were
added to the previous solution under stirring. Then, 5 ml of an aque-
oussolution with Na,CO, (71 mg) was added dropwise under vigorous
stirring. The solution was stirred for an extra 2 h to achieve complete
reaction, followed by centrifugationat 6,000 revolutions per min. The
obtained black-grey powder was placed inabox furnace and heated to
1,000 °C for 12 h. Then, the powder was carefully dissolved in 0.18 M
HCI (10 ml) and sonicated for 5 min. Finally, the solution was centri-
fuged at 9,000 revolutions per min for 5 min, followed by washing
with water twice.

Synthesis of perovskite Fe:SrirO,

The synthesis process is similar to Fe:IrO,, except that Sr(NO,),
(28.2 mg) and Na,CO; (14.2 mg) were used. After calcination, the sam-
pledid not undergo an acid-washing process.

Electrochemical measurements

Electrochemical measurements were carried out using a BioLogic
VSP electrochemical workstation with a conventional three-electrode
configuration. A Ag/AgCl electrode with 4 M KCl was adopted as the
reference electrode and a platinumwire coil acted as the counter elec-
trode. The experiments were carried out in 0.1 M HCIO,. To prepare
the catalyst inks, the catalyst (2 mg) was homogeneously suspended
in ethanol (200 pl) and Nafion 117 solution (2 pl) (Aldrich, 5%) under
sonication. A 50 pl portion of the resulting ink was dropcast on to a
carbon paper sheet (Toray, TGP-H-060) withan areaof 1 x1cm.

Electron microscopy studies and ePDF

STEM images were acquired using a JEOL ARM20OCF, aberration-
corrected S/TEM instrument equipped with cold field-emission gun
operatedat200 kV and ahexapole probe aberration corrector (CEOS).
The convergence semi-angle used in STEM mode was set to 20.6 mrad;
the collection semi-angle for high-angle annular dark-field imaging
ranged from 90 to 370 mrad and for annular bright-field imaging it
ranged from 10 to 23 mrad. The probe current was set to 5 pA for a
probe size of 1.28 A. The electron dose rate for STEM imaging was
6.28 x10° electrons per s. Energy-dispersive spectroscopy data were
collected using a low-background beryllium holder and dual silicon
drift detectors with the area of a single detector covering 100 mm?.
The achievable solid angle for energy-dispersive spectrum analysis
was around 1.7 sr. The probe current for energy-dispersive spectros-
copy was set to 35 pA with a probe size of 1.34 A. TEM images were
acquired using aJEOL ARM300OF S/TEM instrument equipped with a
cold field-emission gun operated at 300 kV.

Supplementary Videos 1-3 were generated from drift-corrected
three-frame rolling averages using Protochips AXON software (www.
protochips.com).

The 4DSTEM technique was used in this study to investigate the
local atomic structure of the material via the ePDF. The 4DSTEM data
were collected using theJEOL ARM300F microscope operated at 80 kV
in STEM mode and equipped with a Gatan/DECTRIS Stela, a hybrid
pixelated electrondetector.4D arrays (x, y, Qx, Qy) were collected with
(128,128, 512, 512) pixels and a pixel time acquisition of 0.4 ms, result-
ing in a total dose of 2.6 x 10° electrons per dataset. The convergence
semi-angle (a) was set to 0.74 mrad.

To extract the ePDF from the 4DSTEM data®, the radially aver-
aged intensity of the two-dimensional diffraction patterns was first
calculated using in-house Python codes. The total scattering structure
function, §(g), was obtained using equation (1):

S(q):/l(Qx, QY)dQ//lo(QX, Q)ds2 @

where /(Qx, Qy) represents the diffraction pattern intensity at the
coordinates (Qx, Qy), Q is the magnitude of the scattering vector
Q=(Q+Qy)"? dQisthedifferential solid angle over which the inte-
gration is performed and /,(Qx, Qy) is the unscattered beam inten-
sity, used as a normalization factor to account for variations in beam
intensity.

Next, the reduced structure function F(Q), was calculated as the
ratio of the total scattering structure function (5(Q)) to the atomic
factor f{Q), which accounts for the scattering amplitude of anisolated
atom as afunction of Q, asin equation (2):

FQ) = S(QIfQ). 2

The ePDF, g(r), was then computed using the inverse Fourier trans-
form of F(Q) asin equation (3):

g(r) = (1/2m) f [F(Q) —1] x exp(igr) x QdQ (3)

where iis the imaginary unit and ris the real-space vector. This trans-
formation enables the conversion of the reciprocal-space information
intoreal space, providing aquantitative description of the local atomic
arrangements. The ePDF analysis was performed for various regions
of interest within the sample, highlighting unique features such as the
crystallattice, local disorder and subtle structural variations.

X-ray absorption
Iridium L3-edge data were collected at beamline 5-BM-D of the
Advanced Photon Source at Argonne National Laboratory. XAS data
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analysis and background-subtraction normalization were carried out
using the Demeter program pack®'. EXAFS data were analysed using
the Artemis program. The valence states were estimated via the edge
positions, which were determined by the zero-crossing of the second
derivative®* ¥, The whiteline peak intensity for these samples can be
impacted by self-absorption, whereas the edge energy is not. EXAFS
datawere fitted with CIF (crystallographicinformation file) data from
rutile IrO, (no. 2,723) and perovskite SrirO, (no. 1,016,848) from the
Materials Project’®. The R-space fittings were performed using k, k>
and k> weightings. The amplitude reduction factor (S,%) was 0.81, deter-
mined by fitting standard Ir, IrO, and Sr,IrO, samples.

Insitu XAS measurements

In situ XAS measurements were carried out for carbon paper-based
electrode samples that were previously tested in the laboratory for
various numbers of OER CV cycles (0,2,000and 20,000). This enabled
analysis of samples that had been tested for varying amounts of time,
while exposed to actual reaction conditions, without running multiple
days-long stability tests at the beamline. The carbon paper working
electrodes were placed in alx1cm window of a container with 0.1M
HCIO, as the electrolyte. The edges of the carbon paper were sealed
using Kapton tape to prevent electrolyte leakage. A piece of copper
tape connected the carbon paper electrode and electrochemical work-
station. A Ag/AgCl half-cell and a coiled platinum wire were placed in
the electrolyte as the reference and counter electrodes, respectively.
XAS measurements were executed under various applied electrical
potential bias values, both before and after OER onset to examine a
range of conditions, including the reaction conditions.

X-ray total scattering and xPDF

The X-ray total scattering data were collected at beamline 11-ID-B of
the Advanced Photon Source at Argonne National Laboratory. The G(r)
function was exacted using the GSAS-1l package® and processed using
the PDFgetX3 and PDFgui packages***.

Differential electrochemical mass spectrometry

Catalysts were dropcast on to a glassy carbon electrode and isotope
labelled by scanning three CV cyclesat1.2-1.6 V versus the Ag/AgCl ref-
erence electrode in 0.1 MHCIO, (H,'®0 solution). Next, the electrodes
were thoroughly rinsed with unlabelled water, flush dried with N, and
allowed to rest overnight. Then, the electrode was placed into the
‘Acell’ design of the Hiden Analytical HPR40 differential electrochemi-
calmass spectrometer. Baseline readings for mass-to-charge ratio (m/z)
values of 2, 32, 34 and 36 were collected until stable before sample
measurement. A scan rate of 2 mV s was used during testing.

Other characterizations

X-ray diffraction patterns were acquired using a Rigaku Ultima dif-
fractometer with CuKa radiation. Inductively coupled plasma optical
emission spectra measurements were carried out using a Thermo
iCap7600 analyser. X-ray photoelectron spectrawere measured using
aThermo Scientific ESCALAB 250Xi spectrometer.

DFT calculations
All periodic spin-polarized DFT calculations were performed using
the Perdew-Burke-Ernzerhof exchange-correlation functional*, a
plane-wave basis set with a cut-off kinetic energy of 500/400 eV for
bulk/surface calculations and the projector-augmented wave method
asimplementedin the Vienna abinitio simulation package (v.5.4.4)**,
Projector-augmented wave pseudopotentials were selected
according to the Materials Project database®®. The electronic conver-
gence criterionwas 10~ eV, while the force criterion for geometry relax-
ationwas 0.05 eV A, Gamma-centred k-point grids of 50/a x 50/i x 50/c
and20/a x 20/b x 1with non-integer values rounded up to the nearest
integer were used for bulk and slab calculations, respectively. In all

of the slabs, the bottom half of the slab in the vertical z direction was
constrained at the bulk positions, while the top half of the slab and the
adsorbed species were fully relaxed. The slabs were separated in the
perpendicular z direction by 12 A of vacuum, and a dipole correction
was applied. All crystal structure manipulations and data analyses were
carried out using the Python Materials Genomics (pymatgen) library*
and the atomic simulation environment package*.

Gibbs free energy calculations
Gibbs free energy correction values for reference gas-phase and
adsorbate species (AGj,...s) Were calculated using equation (4):

298.15

AGipecies = AZPE + / C,dT—TAS. @)

0

The zero-point energy (AZPE), the heat capacity (C,) and the
entropy (AS) terms were calculated using vibrational frequencies to
atemperature (7) of 298.15 K. Ideal gas approximation and harmonic
approximation were used for the calculations of gas phase species
and adsorbed species, respectively. The Gibbs free energies of OER
intermediates were then calculated using the AG;,..; valuesand added
tothe calculated DFT electronic adsorption energies, similarly to the
previous work by Gunasooriya and Ngrskov®.

Bader charge calculations

Atomic charges were calculated using Bader analysis asimplemented
by Henkelman and colleagues®’. We applied a fast Fourier transform
grid that was twice as dense as the standard fast Fourier transform grid
toensure that the Bader charge results were fully converged. Effective
Bader charges were defined as ¢ = Z,,; — @g,qer» Where Z,, is the number
ofvalence electrons determined from the POTCAR input file and g, e,
isthe computed Bader charge.

Data availability
All data are available from the authors upon reasonable request.

Code availability
All code used for this work is available from the authors upon reason-
ablerequest.
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