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Abstract

Noble metal oxides such as ruthenium dioxide are highly active electrocatalysts for anodic reactions
in acidic electrolytes, but dissolution during electrochemical operation impedes wide-scale application in
renewable energy technologies. Improving the fundamental understanding of the dissolution dynamics of
application-relevant morphologies such as nanocrystals is critical for grid-scale implementation of these
materials. Herein we report the nanoscale heterogeneity observed via liquid phase transmission electron
microscopy during ruthenium dioxide nanocrystal dissolution under oxidizing conditions. Single-
crystalline ruthenium dioxide nanocrystals enabled direct observation of dissolution along different
crystallographic facets, allowing an unprecedented direct comparison of crystal facet stability. The
nanoscale observations revealed substantial heterogeneity in the relative stability of crystallographic facets
across different nanocrystals, attributed to nanoscale strains present in these crystals. These findings
highlight the importance of nanoscale heterogeneity in determining macroscale properties such as
electrocatalyst stability and provide a characterization methodology that can be integrated into next-
generation electrocatalyst discovery efforts.

Introduction

The electrochemical production of chemical feedstocks is a promising approach to decarbonize the
energy and chemical sectors. Valuable chemical feedstocks such as hydrocarbons, ammonia, and hydrogen
can be generated via reduction of carbon dioxide, nitrogen, and water, respectively.'” These cathodic
reactions are necessarily coupled to an anodic reaction such as the oxygen evolution reaction (OER). The
sluggish kinetics of the OER result in substantial energy losses during the operation of electrolyzers,
limiting the overall efficiency of the complete fuel-forming reactions described above.”' In acidic
electrolytes, the use of noble metal oxide electrocatalysts is required due to their moderately high stability
and activity. However, electrocatalysts for the OER often undergo structural changes that can lead to loss
of activity, mandating high catalyst loadings of scarce elements.'*'® Much of our understanding of these
vital structural phenomena comes from macroscopic techniques and post-mortem analyses of
electrocatalysts, which conceal the connection between nanoscale dynamics and macroscopic properties
and limit the ability to control electrocatalytic behavior.”!”"!” A better understanding of the dissolution
dynamics of electrocatalytic materials is necessary to inform the design of next generation electrocatalysts
for the OER or related anodic reactions such as the chlorine evolution reaction (CER).

Ruthenium(IV) oxide (RuQO) is a highly active electrocatalyst for the OER and CER but
spontaneously undergoes dissolution to ruthenium tetroxide (RuQs) at electrochemical potentials above
1.387 V vs. NHE.*** Studies on bulk oriented RuO, films reveal facet-dependent dissolution rates
attributed to the anisotropic structure of rutile-type RuO,, which has different surface coordination
depending on which crystal orientation is exposed to the electrolyte.'*?*>> While the ensemble techniques
used to elucidate these dissolution rates provide essential macroscopic dissolution information, nanoscale
techniques are needed to analyze these materials in technologically relevant morphologies such as
nanoparticles. Electrocatalytic nanoparticles can exhibit dramatically different properties compared to their
bulk counterparts, in part due to the substantial increase of surface effects in nanomaterials.?®

Liquid phase transmission electron microscopy (LP-TEM) performed with graphene liquid cells
enables direct observation of nanoscale structural dynamics with near-atomic spatial resolution and high
temporal resolution.’”?* Recent advances in our understanding of the electron-beam induced chemical
reactivity generated during LP-TEM imaging have made it possible to modulate the reactive environment
via redox additives to a high degree of electrochemical precision.”” Additionally, in-situ observations of
redox chemistry have substantially improved our ability to accurately model the complex chemical
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environment created during LP-TEM.?"*® These advances allow for the investigation of systems comprised
of multiple elements, such as RuO,, utilizing redox additives capable of generating electrochemical
environments that lead to nanoscale structural dynamics.”

Herein we report the spatiotemporal dissolution dynamics of several anisotropic RuO; nanocrystals
at the individual nanocrystal level with LP-TEM. Using Fe(Ill) as a redox additive, radical species
generated by electron-beam induced water radiolysis are scavenged to generate a redox couple that is
capable of driving the RuO,/RuO; dissolution reaction. Single-crystalline nanocrystals of rutile RuO, with
well-defined facets are used to test orientation-dependent dissolution dynamics, allowing for simultaneous
observation of different crystallographic facets during dissolution of single RuO, nanocrystals for the first
time. Our study indicates that the ensemble dissolution rates of RuO; nanocrystal facets increase from (110),
(111), to (001). However, the relative stability observed at the individual nanocrystal level exhibits
substantial heterogeneity. Geometric phase analysis measurements on single-crystalline RuO; nanocrystals
reveal substantial heterogeneity in the location and intensity of strain within individual nanocrystals.
Together, these results suggest the presence of structural heterogeneities that influence stability under
operation. The experimental results and analytical methods reported herein further the understanding of
nanoscale heterogeneity on material stability through direct observation of nanoscale dissolution dynamics
of oxides for anodic reactions.

Experimental
Ruthenium dioxide nanocrystal synthesis

Ruthenium dioxide (RuO) nanocrystals were synthesized according to a previously reported
chemical vapor deposition method with minor modifications.** A 6 mL quartz boat was loaded with 27.9
mg of commercial RuO; powder (Millipore Sigma, 99.9%) into the center of a tube furnace with a 22 mm
inner diameter quartz tube. Substrates were loaded onto a 6 mL quartz boat placed just outside of the
insulated region of the tube furnace. Ultra-high purity Ar and O, were flowed at 300 sccm and 1600 sccm,
respectively, and the furnace was raised to 1050°C at 50°C/min. The temperature was held for 4 hours and
subsequently cooled to room temperature. Copper(Il) oxide powder (CuO, Thermo Scientific, 99.0%) and
prepared antimony-doped tin oxide thin-films on quartz (ATO) were utilized as substrates for the synthesis
of unsupported RuO, nanocrystals and supported RuO, nanocrystals, respectively. Unsupported and
supported RuO;, nanocrystals were grown separately. Approximately 100 mg of CuO was used for each
synthesis of unsupported RuO2 nanocrystals, and ~ 6 pieces of 0.780 cm* ATO were used for each synthesis
of supported RuO, nanocrystals. After being allowed to cool to room temperature, the RuO, nanocrystals
on CuO were transferred to a 15 mL centrifuge tube. The CuO support was selectively etched by adding 6
mL of 2 M HCI. The solution was sonicated and washed several times with water via centrifugation to
remove any dissolved copper. The resultant nanocrystals were dispersed in water and used without further
purification. The RuO, nanocrystals grown on ATO were utilized directly as electrodes to ascertain
electrochemical activity. The RuO, loading was estimated to be 0.559 mg cm™ based on the weight of the
ATO samples before and after RuO, nanocrystal deposition.

Graphene-coated transmission electron microscopy grid preparation

Graphene-coated TEM grids were fabricated via previously reported methods with slight
modifications.’' Copper foil with 3-5 layers of graphene (ACS Material) was washed once by placing it an
acetone bath prepared in a glass petri dish at 50 °C for 5 minutes to remove surface impurities. After one
hour of drying, the graphene-coated copper foil was flattened by compressing it between two glass slides
and a folded wipe. The wipe was sequentially unfolded to further flatten the copper foil as described in
previous work.>! Gold TEM grids (100x400 Mesh 1.3 Quantifoil, Holey Carbon, Structure Probe, Inc.)
were placed Quantifoil side down on the graphene. One out of three gold TEM grids were sliced in half
with a clean razor blade prior to being placed down on the graphene. A few pL of isopropanol was used to
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ensure proper adherence of the Quantifoil to the graphene-coated copper foil, and the grids were arranged
on the substrate by carefully moving them with a pipette tip. The isopropanol was allowed to dry for two
hours, and the copper foil was subsequently floated on top of a bath of sodium persulfate (100 mg per mL)
prepared in a glass petri dish, and the copper foil was allowed to etch overnight. The grids were
subsequently removed with a glass slide, transferred to a petri dish with DI water, retrieved with tweezers,
and allowed to dry fully prior to utilization.

Electron microscopy characterization

Electron microscopy characterization was primarily carried out on an FEI Tecnai G* Twin equipped
with a GATAN OneView operating at 200 keV with a LaBrs filament located at the Shared Materials
Instrumentation Facility at Duke University. Characterization requiring aberration correction or STEM
imaging (such as elemental mapping) was performed using a ThermoFisher Titan 80-300 operated at 200
kV using an FEI double tilt holder with a molybdenum retention clip, located at the Analytical
Instrumentation Facility at North Carolina State University.

Liquid phase electron microscopy data acquisition

Liquid phase videos were collected on the FEI Tecnai G*> Twin transmission electron microscope
equipped with a Gatan OneView in sifu camera operating at an accelerating voltage of 200 kV and a spot
size of 1. Video frames were collected at a binned resolution of 2048x2048 pixels, a magnification of 100kx,
and an exposure time of 0.01 s. The pixel resolution was 0.2125 nm per pixel. Every tenth frame was kept,
resulting in a frame being collected every 0.1 s (10 frames per second). The electron dose rate of the
microscope was adjusted with a custom Digital Micrograph script that determined the relationship between
condenser lens value and electron dose rate as descripted in a previous publication.’? The electron beam
was fully spread at a magnification between 20-100kx to search for adequate samples within the graphene
liquid cell. Once a sample was found, the imaging area was moved approximately 1,000 nm away from the
region of interest, the electron dose rate was set to 2000 e/A”-s, and the microscope was focused using the
OneView camera. This step of the data acquisition process is important to minimize the need to adjust the
focus during video collection. Subsequently, the electron beam was spread to lower the electron dose rate
and the stage was moved back to the region of interest. The lookback feature of the OneView camera was
used to continuously collect the previous 30 seconds of data prior to video collection. The electron dose
was set to 2000 ¢© A2 s and videos of nanocrystal dissolution were collected for approximately 1 to 6
minutes.

Results & discussion
Characterization of ruthenium oxide nanocrystals

We observed the dissolution dynamics of rutile-type RuQO, nanocrystals at the individual
nanocrystal level via LP-TEM. Graphene liquid cells loaded with aqueous solutions containing Fe(IIl) and
RuO; nanocrystals were utilized (Fig. 1a). Single-crystalline and low-index faceted RuO, nanocrystals were
synthesized to elucidate the effect of the anisotropic rutile-type structure on the dissolution dynamics of
RuO; (see Supplementary Information for detailed synthesis). Fig. 1b shows the high-angle annular dark
field (HAADF) images and energy-dispersive x-ray spectroscopy (EDS) maps for an individual
nanocrystal. The nanocrystal exhibits an anisotropic structure, with preferential growth along the (001)
direction, resulting in sides terminated by (110) facets and tips terminated by a combination of (111) and
(001) facets. The EDS maps indicate that the nanocrystals were uniformly composed of Ru and O (Fig. 1b).
HAADF-STEM imaging at high magnification indicates that the nanocrystals solely consist of the rutile-
type structure (Fig. 1c).
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Fig. 1: Redox-mediated dissolution dynamics of RuO; nanocrystals. (a) Schematic of graphene liquid cell
experiments: Fe(Ill) reacts with radiolysis products to generate high-valent Fe(ox), which creates an
oxidative environment that converts RuO, to soluble products. (b) HAADF-STEM and EDS
characterization of synthesized RuO, nanocrystals in the dry state. (c¢) High-magnification HAADF-STEM
image of the RuO; nanocrystal tip and corresponding atomic model. (d) TEM image time series of a RuO,
nanocrystal at an electron dose of 2,000 ¢ A s' in a graphene liquid cell assembled with RuO,

nanocrystals, 25 mM FeCls, 25 mM MgCl, and 100 mM HCI.

The RuO; nanocrystals were characterized with x-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, electrochemical techniques, scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), and selected-area electron diffraction (SAED) as detailed in
the Supplementary Information. Fig. S1 shows XPS characterization of commercial RuO, and synthesized
RuO; nanocrystals. The Ru 3d, C 1s, and O 1s signals were fit with established procedures for Ru-based
compounds and were found to be adequately described by RuO, for both the commercial RuO, and
synthesized RuO, nanocrystals (Table S1).* Fig. S2a verifies the presence of graphene on the TEM grids
used in this study, as evidenced by a strong 2D peak at 2634 cm™ .* Fig. S2b shows a Raman spectrum of
synthesized RuO, nanocrystals suspended on a gold TEM grid from 400 to 800 cm™; the position of the Eg,
A1, and By, bands of RuO; are consistent with a rutile structure and nanorod-like morphology.*® Fig. S3
shows the electrochemical properties of RuO, grown on antimony-doped tin oxide (ATO) for water
oxidation in 1.0 M perchloric acid and an SEM image of the nanocrystal morphology on ATO. The RuO,
nanocrystals grown on ATO exhibited high activity towards water oxidation compared to the ATO substrate
(Fig. S3a).

Radiolysis of iron-containing graphene liquid cells

Fig. 1d shows the dissolution of an individual RuO; nanocrystal using Fe(Ill) as a redox additive
at an electron dose rate of 2,000 ¢- A s~. Under these conditions, RuO, was found to be unstable,
undergoing dissolution along all crystal facets within several minutes of irradiating with the electron-beam
(Supplementary Movies S1-S2). The dissolution rate was substantially slower than previous studies using
Fe(Ill) as a redox mediator to oxidize noble metals, consistent with bulk-scale observations of enhanced
material stability of oxides compared to metals under oxidizing environments.*® The electrolyte used for all
LP-TEM experiments was 25 mM FeCls, 25 mM MgCl,, and 100 mM HCI unless otherwise indicated.
Fe(III) was selected as a redox additive due to the requirement of a high electrochemical potential for this
study, as RuO, undergoes oxidation in acid above 1.387 V vs. NHE.?" Fe has multiple valence states,
ranging from (II) to (VI), with Fe(VI) to Fe(IV) being highly oxidative (Table S2).?° Previous studies have
indicated that Fe(IIl) undergoes oxidation to high-valent Fe, Fe(ox), under electron-beam irradiation in
graphene liquid cells.’’** A homogenous chemical reaction network model was developed based on a
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kinetic model constructed by Schneider, et al. (Table S3).>’ The models indicate that all species reach a
steady-state concentration in a timescale relevant to the graphene liquid cell experiments (Fig. S4). While
high-valent Fe is known to spontaneously reduce to Fe(IlI) in acidic solutions, the simulations indicate that
oxidation by primary radicals could compete with the reduction process and generate a steady-state
concentration of high-valent Fe in the 10 mM range (Fig. S4). The effect of initial Fe(Ill) and Cl
concentration on the steady-state concentrations was explored via 10,201 radiolysis simulations (Fig. S5).
The simulations indicate that both Fe(IlI) and CI additives act as radical scavengers, with both leading to a
substantial decrease in the concentration of hydroxyl radicals and atomic hydrogen. The addition of both
Fe(III) and Cl leads to competitive scavenging of primary radicals to produce high-valent Fe and oxidized
ClI species (Fig. S5). The simulations suggest that Fe(IV) is the primary oxidant in concentrated Fe
electrolytes (Fig. S4, S5). While direct observation of the oxidation state of Fe in this system was
challenging, the observation of RuO, nanocrystal dissolution is consistent with spontaneous oxidation to
RuOy via a redox reaction with a high-valent Fe species (Table S4). Control experiments without Fe(III)
exhibit dissolution, which suggests that hydroxyl radicals or oxidized Cl species can be involved in the
dissolution of RuO, (Fig. S6, Supplementary Movie S3). Species that are capable of spontaneously
dissolving RuO; include HO®, Fe(IV) to Fe(VI), CI°, and Cl,* (Table S4).
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Fig. 2: EDS and EELS measurements of RuO- nanocrystals, dotted outlines indicate the perimeter of the
RuO; nanocrystal as determined from the HAADF image. (a) EDS characterization of a RuO, nanocrystal
in a graphene liquid cell without exposure to a high electron dose. (b) EDS characterization of a RuO»
nanocrystal in a graphene liquid cell after irradiation at a high electron dose. (c) EELS relative thickness
map of a dry RuO; nanocrystal suspended on a TEM grid. (d) EELS relative thickness map of the irradiated
RuO; nanocrystal shown in (b).

Fig. 2 shows in-situ TEM-based spectroscopic characterization performed on graphene liquid cells
before and after electron irradiation. Fig. 2a corresponds to the HAADF, Ru, O, and Fe maps collected for
a RuO; nanocrystal in a graphene liquid cell prior to exposure to a high electron dose. Without irradiation,
the Ru signal was localized to the high intensity region present in the HAADF image, which was consistent
with the Ru only being present in the RuO, lattice of the nanocrystal. The O signal was intense in the
nanocrystal region, consistent with the high concentration of O in the RuO; lattice, and evenly dispersed
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through the pocket, consistent with H>O being present around the RuO» nanocrystal. The Fe signal was
similarly dispersed throughout the pocket, and notably diminished in the nanocrystal region. The EDS data
indicated a homogenous initial condition for the liquid cell. Fig. 2b shows the corresponding HAADF image
and EDS maps for a different RuO, nanocrystal in a graphene liquid cell after exposure to a high electron
dose for several minutes. After irradiation there were significant differences in the distribution of elemental
signals. The Ru signal was not localized within the nanocrystal and was instead also distributed in the
electrolyte. The O signal remained well-dispersed after electron-beam irradiation. The Fe signal indicates
that there was depletion of Fe in the vicinity of the RuO; nanocrystal. Fig. S7 shows the EDS data for the
other electrolyte constituents, Mg and Cl. Mg was shown to have a similar dispersion to Fe, while Cl
maintained a dispersion similar to that of O. The EELS log-log technique was utilized to obtain the relative
thickness of both a RuO, nanocrystal suspended on a TEM grid and a RuO; nanocrystal in a graphene liquid
cell (Fig. 2c-d).*” The maximum relative thickness of the dry nanocrystal was found to be 1.1880 for a
nanocrystal that was 50.2 nm wide, while the maximum relative thickness of the liquid cell was found to
be 1.2024 for a nanocrystal that was 57.9 nm wide. The EELS maps indicate that there was a relatively thin
liquid layer separating the facets facing the graphene sheets. The EELS data was utilized to verify the
distribution of the electrolyte in the liquid cell (Fig. S8). Characteristic energy loss ranges were scanned to
observe Fe and Cl distribution in the liquid cell; the signal from these ranges reflect the electrolyte
distribution observed via EDS. Fig. S9 shows HRTEM and electron diffraction for RuO» nanocrystals that
were either suspended on a dry TEM grid or inside of a graphene liquid cell. The RuO; nanocrystals were
single crystalline in both the dry and graphene liquid cell environments, and near-atomic resolution could
be obtained in both the dry and liquid state (Fig. S9). As shown in Fig. S9f, electron diffraction indicated
the formation of Fe(IlI) chloride hexahydrate and Mg(II) chloride hexahydrate nanocrystals in the graphene
liquid cell environment.
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Etching kinetics of single ruthenium dioxide nanocrystals
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Fig. 3: Dissolution trajectories of individual nanocrystals in an Fe(IIl) electrolyte. (a) TEM image time
series of a (111)-tipped nanocrystal. (b) Plot of the amount of (111) facet dissolved versus amount of (110)
facet dissolved for the (111)-tipped nanocrystal. (c) TEM image time series of a (001)-tipped nanocrystal.
(d) Amount of the (001) facet dissolved versus amount of (110) facet dissolved for the (001)-tipped
nanocrystal.

Fig. 3a shows a TEM image time series collected for a (111)-tipped RuO; nanocrystal. The images
indicate that the single-crystalline morphology was preserved with a well-defined projection observed
throughout the dissolution trajectory. The images observed suggest an absence of substantial pitting,
suggesting layer-by-layer dissolution of RuO; along low-index facets. We developed a methodology to
quantify the change in nanocrystals dimensions over time (see Supplementary Information). The projection
of the (111)-tipped RuO; nanocrystal could be described by the combination of two dimensions associated
with (111) facets, and one dimension associated with (110) facets. Many nanocrystals displayed a slight
delay in the onset of dissolution, as shown in Fig. S10 and Supplementary Movies S1-S2. The delay in
dissolution could be associated with the time required to generate a steady-state concentration of oxidant,
as has been previously observed via EELS for Ce redox additives.?® After an initial delay there was a portion
of the trajectory that exhibits substantial dissolution over time. This was followed by a gradual decrease in
the dissolution rate over several minutes (Fig. S10). The decrease in dissolution rate was attributed to the
formation of Ru dissolution products that physically excluded the Fe redox additive from the nanocrystal
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surface, as evidenced by elemental mapping of the graphene liquid cell environment (Fig. 2b). We
developed a kinetic model that incorporates the exclusion of Fe-based oxidants from the nanocrystal surface
due to Ru dissolution product confinement near the nanocrystal surface (see Supplementary Information).
The kinetic model was able to deconvolute the effect of oxidant exclusion, thus allowing the extraction of
dissolution rates along facet pairs. The model exhibited agreement with the experimentally observed
dissolution trajectories as shown on Fig. S10. To understand the selectivity of dissolution for different
families of facets, we developed a method of analysis that was independent of the dissolution rate over time
(see Supplementary Information). By plotting the amount of material dissolved along one crystallographic
direction against the amount of material dissolved along another crystallographic direction for every time
point, the selectivity between the facets was extracted for each nanocrystal from a linear fit of the dissolution
data (Fig. 3b). Fig. 3c shows a TEM image time series collected for a (001)-tipped RuO; nanocrystal. Like
the (111)-tipped nanocrystal shown in Fig. 3a, the images indicate the preservation of a well-defined
projection at all time points. The projection of the (111)-tipped RuO, nanocrystals was described by the
combination of one (001) dimension and one (110) dimension, representing the tips and sides of the
nanocrystals, respectively. Many nanocrystals in the dataset had additional (111) facets that truncated the
corners of nanocrystals—these facets were not analyzed in the focused (001) study. The delay in dissolution
that was observed in the (111) dataset was also observed for the (001) dataset. Fig. 3d shows the dimension
versus dimension plot for the nanocrystal shown in Fig. 3c, revealing the relative dissolution rate for this

nanocrystal.
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Fig. 4: Summary of the dissolution rates for the nanocrystals used in this study, classified by the facet
defining the tip of the nanocrystal. (a) Representative nanocrystal showing the definitions of the (110) and
(111) facets used in this study. (b) Dissolution rates observed for (111)-tipped RuO» nanocrystals along the
(111) and (110) directions. (c) Representative nanocrystal showing the definitions of the (110) and (001)
facets used in this study. (d) Dissolution rates observed for (001)-tipped RuO» nanocrystals along the (001)
and (110) directions. (f) Relative facet stabilities, defined as the difference in energy for dissolution along
the (hkl) facet as compared to along the (110) facet, observed for both (111)- and (001)-tipped RuO,
nanocrystals.

Fig. 4 summarizes the absolute and relative facet stabilities observed for the RuO nanocrystals
studied herein. Nanocrystals were classified as either being tipped by (111) facets or by (001) facets. In
some cases, crystals had a mixture of (111) facets and (001) facets. Since we found that more nanocrystals
were (111)-tipped in our study, we included mixed-tipped nanocrystals in the (001)-tipped nanocrystal
dataset to improve the statistics of the (001)-tipped dataset. The analysis included 13 nanocrystals in the
(111)-tipped dataset, and 11 nanocrystals in the (001) dataset. Fig. S11 shows a summary of the sizes of the
nanocrystals observed for the LP-TEM studies. The (111)-tipped nanocrystals exhibited widths of 24.5 +
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8.7 nm, lengths of 276.1 £ 54.2 nm, and aspect ratios of 13.5 = 7.8, and the (001)-tipped nanocrystals
exhibited widths of 29.3 = 9.3 nm, lengths of 265.3 &+ 96.3 nm, and aspect ratios of 9.5 + 3.5. For (111)-
tipped nanocrystals, we observed dissolution rates of 0.79 to 4.75 A s along the (110) facet, with a median
value of 1.81 A s!'. We observed dissolution rates of 0.88 to 6.33 A s along the (111) facet, with a median
value of 1.76 A s™' (Fig. 4b). While the absolute etching rates are influenced by various parameters such as
the local concentration of oxidant, the relative dissolution rates are expected to be substantially less
sensitive to the liquid cell environment and more sensitive to the intrinsic stability of the crystallographic
facets. By tracking the dissolution trajectories of individual nanocrystals at each relevant crystallographic
facet, we were able to determine the relative stability of each facet at the individual nanocrystal level (Fig.
S12). In almost all cases, the (111) crystallographic facet was less stable than the (110) crystallographic
facet. The relative dissolution rates range from 0.72 to 1.76 with a median relative rate of 1.26. Fig. 4d
summarizes the statistical information of the individual nanocrystal trajectories for (001)-tipped
nanocrystals. The dissolution rates along the (110) facet for the (001)-tipped nanocrystals ranged from 0.24
to 2.49 A s', with a median value of 0.83 A s'. The absolute rate of dissolution along the (110) facet was
over 100% faster for (111)-tipped nanocrystals and exhibited a wider distribution compared to (001)-tipped
nanocrystals. The absolute dissolution rate along the (001) facet ranged from 0.54 to 3.32 A s™', with a
median value of 1.14 A s™'. The relative rate for (001) versus (110) ranged from 0.96 to 2.52, with a median
value of 1.41 (Fig. S12). The results indicate that the ensemble of (110) facets exhibited the highest stability,
followed by the (111) facets, and the (001) facets.

The relative dissolution rates exhibit a standard deviation that cannot be attributed to differences in
oxidant concentrations between experiments, as these differences are accounted for by our analysis method
as discussed in the Supplementary Information. These differences could arise from nanoscale heterogeneity
present within a nanocrystal population, as has been previously observed for Pt nanocrystal systems.*'*
We conducted geometric phase analysis (GPA) using the CrysTBox software to investigate the nanoscale
structural heterogeneity present in our RuO, nanocrystal population (Fig. S13).** Simulated perfect
nanocrystals displayed a narrow distribution of strain centered at +£0.00 in both the & and &,y directions
(Fig. S14). The experimental nanocrystals showed a broader range of strain when compared to the perfect
nanocrystals, and within the experimental dataset there was a wide range of relative strain (Fig. S13). While
the strains were centered around 0.00, each nanocrystal exhibited a different strain standard deviation. The
nanocrystals exhibited standard deviations from 0.07 to 0.11 along the &x« direction, and standard deviations
from 0.07 to 0.10 along the &,y direction. The extremes in strain exhibited larger differences, with the 98th
percentile of strain along the &« and g,y directions ranging from 0.09 to 0.17, and the 2nd percentile ranging
from -0.16 to -.09 (Fig. S13). Strain can alter the electronic structure of materials, which has been exploited
to improve electrocatalyst activity.**’ Additional studies have indicated that strain can lead to strain-
induced corrosion of electrochemical materials.*’ We developed a model based on fundamental
thermodynamic and kinetic principles to understand the effects of strain on dissolution kinetics (see
Supplementary Information). Our analysis indicates that both the average strain and the strain variance can
contribute to accelerated dissolution. Studies have shown that increasing the annealing temperature of noble
metal oxide films can increase stability, which would be consistent with a decrease in both the average
strain and strain variance of an electrocatalyst material.*®

The relative dissolution rates are an experimental observation of differences in the relative
activation energy for dissolution between different sets of crystallographic facets in a single RuO,
nanocrystal. The 0.72 to 1.76 relative dissolution rates observed for (111)-tipped nanocrystals correspond
to an activation barrier energy difference for etching along the (111) dimension versus the (110) dimension
of 8.3 to -14.5 meV, respectively. Overall, the (111) facets exhibit an ensemble activation barrier with a
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median value of -5.9 meV lower than the activation barrier for (110) facet dissolution, with a standard
deviation of 5.8 meV present due to nanoscale heterogeneity of the RuO, nanocrystals (Fig. 4e). The (001)-
tipped nanocrystals exhibit relative dissolution rates for (001) facets versus (110) facets that range from
0.96 to 2.52, corresponding to activation barrier energy differences ranging from 1.2 meV to -23.8 meV,
respectively. The (001) facets exhibit an ensemble activation barrier with a median value that is -8.8 meV
lower than the activation barrier for the dissolution of (110) facets, with a standard deviation of 6.6 meV
due to RuO; nanoscale heterogeneity (Fig. 4¢). Overall, our study indicates that while the ensemble stability
of RuO; nanocrystal facets increase from (001) < (111) <(110), there is a substantial overlap in the stability
distributions which leads to inversions in the stability trends at the nanoscale.

Conclusions

The RuO; nanocrystals studied herein had a dispersion in stability across different low-index
crystallographic facets, represented by the rate of dissolution along different directions. While the rutile
(110) families of facets demonstrated higher ensemble stability than both the (111) and (001) families of
facets, the stability relationship in individual nanocrystals was highly heterogeneous with some
nanocrystals displaying an inverse stability relationship. Relative stabilities ranged from 8.3 to -14.5 meV
and 1.2 to -23.8 meV for the (111) and (001) facets versus the (110) facet, respectively, leading to different
relative rates of dissolution within individual nanocrystals. The direct observation of the dissolution of
RuO; nanocrystals represents a key step in the ongoing challenge of understanding nanoscale heterogeneity
and improving electrocatalyst activity and stability under operating conditions. The instrumental and
analytical techniques developed in this study to analyze dissolution trajectories of anisotropic nanocrystals
can be modified to interrogate other electrocatalysts or nanomaterials under operating conditions, enabling
the direct integration of nanoscale observations in electrocatalyst discovery efforts.
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