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ABSTR.ACT: Stable oxygen evolution reaction (OER) catalyst Robust RuO, for oxygen evolution reaction
alternatives to the precious IrO, catalysts are of great importance
to the next-generation proton-exchange membrane (PEM)
electrolyzers. RuO,-based materials are promising candidates
but suffer from low stability under highly anodic potentials. Here,
we reported a facet-selective etching strategy to improve the
stability of polycrystalline RuO, without significantly affecting the
activity. The selective etching was enabled by the specific
chemisorption of pyridazine (pyd) with contingent N atoms onto
the RuO, surface. The pyd-RuO, catalyst, after etching, exhibited
a low overpotential 247 mV at 100 mA-cm2 and obvious stability
improvement of over 200 h at 100 mA-cm™ with only 0.63% Ru
loss in acidic conditions. Combining various characterization
techniques and theoretical calculations, we revealed that the crystalline RuO, (110) facet is favorably etched by the
coordination of pyridazine while protecting other surfaces, which significantly enriches the RuO, (110) facets toward higher
OER stability via the dynamic dissolution and repair mechanism in the ordered manner. This study offers alternative
perspectives on the dissolution and stability mechanism of RuO, and the facet-selective modulation of nanocrystals by
ligand-driven etching.

(110)-selective etching

(110)-enriched

« Pyridazine (pyd)
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1 Introduction precious noble-metal-based catalysts. Compared to the widely-
adopted iridium (Ir)-based catalysts, ruthenium (Ru)-based
e et catalysts (e.g., ruthenium dioxide (RuO,)) are considerably more
water electr01y51s,‘1s one of the cruc.lal limiting steps for green cost-effective and exhibit higher OER activities, but their greater
hydrogen p rod.uctlon [1,2]. The s'lug'glsh process of _467 transfer to tendency toward dissolution or surface reconstruction under
pro@uce one dioxygen mole.cule 51gn1ﬁc.amtly const.ralns the overall anodic condition limits its potential application [6, 7].

efficiency of water electrolysis [3, 4]. To improve this efficiency, one From a macroscopic and thermodynamic perspective, RuO, can

of the most recognized approaches is to develop highly-active OER be oxidized to soluble [RuO,J* and even high-valent [RuO,] under
catalysts to reduce the anodic overpotential. Considering the actual

application scenario, OER in proton exchange membrane (PEM)
electrolyzers is characterized by strong oxidative and acidic
environment [5]. This often limits the choice of OER catalysts to

Oxygen evolution reaction (OER), as the anodic half reaction of

anodic potentials (above 1.5 V vs. reversible hydrogen electrode
(RHE)) [8, 9]. Researchers have been dedicated to constraining the
Ru-O moieties within the catalysts to overcome the deactivation
problem. Some effective strategies include (1) doping RuO, with
oxyphilic elements (Mn, W, Co, Ni, Zn, Si, B, Sn, Cr, Nb, etc.)

Received: January 23, 2025; Revised: February 19, 2025 [10-20], (2) introducing metal-substrate interactions [21-23], (3)
Accepted: February 20, 2025 constructing special RuO, structures [24-27], or (4) modifying the

surface [28, 29]. These strategies can tailor the electron densities
BdAddress correspondence to  YefeiLi, yefeil@fudan.edu.cn; and redox states of Ru and O, thus altering the thermodynamic
Ming Gong, gongm@fudan.edu.cn characteristics of Ru-based catalysts toward higher stability.
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From the microscopic and dynamic perspective, less advance has
been made to understand the molecular mechanism of Ru
dissolution and its instability toward OER, and the proposed
mechanisms are still in debate and have not yet turned into
mechanism-driven ~ optimization  strategies. ~For instance,
Alexandrov et al. [30] believed that both Ru dissolution and OER
processes experience the same RuO,(OH) and RuO,(OH),
intermediates, making instability inevitable. In contrast, the
experiments conducted by Stephens et al. [31] demonstrated that
the number of defects decreases over time until reaching a more
stable state. Consequently, they were able to differentiate the OER
active sites and the corrosion-prone sites. Despite the yet reached
consensus, one of the common views is that the stability of RuO, is
relevant to crystal surface orientation that tailors the Ru-O bond
strength. Specifically, RuO, (110) is often favorably produced due to
its lower free energy and exhibits higher stability than other facets
[32]. However, these studies are often based on theoretical
calculation or model single-crystal RuO, surfaces, which possess
large discrepancy with the widely-used polycrystalline catalysts.
Accordingly, enriching the facets and gleaning the molecular-level
mechanism of the facet-specific activity and stability remains a
challenging task but can inspire more rational optimization
strategies toward cost-effective and robust OER catalysts.

The different atomic arrangements on different facets can
specifically interact with certain adsorbate molecules to enable the
facet-selective  growth  of  nanocrystals. For  example,
polyvinylpyrrolidone preferentially passivates high-surface-energy
Ag {100} facets via van der Waals interactions while stabilizing Ag
{111} through stronger covalent coordination [33]. However,
existing studies predominantly focus on either (i) additive-mediated
crystallographic control during material synthesis or (ii) surface
restructuring of RuO, induced by adsorbed oxygen species during
OER [34-36]. In contrast, the electrochemical etching of RuO,
surfaces by non-oxygen adsorbates, a critical mechanism for
modulating surface structure to enhance OER stability, remains
relatively underexplored. Inspired by this, we envision that the
introduction of specific adsorbates into the electrolytic systems can
induce the facet-selective etching of polycrystalline RuO, catalysts.
This could enable the facet-enriching RuO, catalyst electrode and
provide an essential platform for gleaning the molecular-level
mechanism. Correspondingly, we have identified a coordinative
additive of pyridazine (pyd, C,;H,N,), a heterocyclic molecule with
two neighboring nitrogen atoms, as a monodentate or a bidentate
ligand for the facet-selective etching of RuO, at low concentrations
(< 1 mmol-L™) in acidic media [37]. This etching process selectively
etched the RuO, (110) surface while protecting other crystalline
facets under the harsh electrochemical treatments, thus enriching
the RuO, (110) and enhancing the overall long-term stability. Based
on this catalyst platform, an exhaustive analysis of the mechanism
that underpins the facet-selective durability of RuO, as well as the
facet-selective etching process was conducted and supported by
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), in situ attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS), kinetics
analysis, and density functional theory (DFT) calculations. This
study not only opens up a new method of enriching specific facets
on oxide catalysts but also offers a unique platform for the in-depth
investigation of Ru-centered OER activity and stability mechanism.

Nano Research, 2025, 18, 94907315

94907315 (2 of 9)

2 Results and discussion

Polycrystalline RuO, catalyst precursors were prepared by a typical
hydrothermal method [38]. These precursors were then drop-
casted onto the carbon fiber papers (CFPs) and annealed at 300 °C
for 1 h to give the RuO,/CFP electrodes. An electrochemical etching
step in the pyridazine-containing electrolyte was further adopted to
selectively etch the RuO, catalyst under anodic potentials to
produce the pyd-RuO,/CFP electrode (Fig. 1(a)). The optimal
experimental parameters, including pyridazine concentration,
electrode potential, and etching time, were screened and
determined with relevant details provided in methods and Figs.
S1-S3 in the Electronic Supplementary Material (ESM). The
optimal condition involves the addition of 20 pL pyridazine in
50 mL 0.5 mol-L™" H,SO, (5.5 mmol-L" pyridazine) and an applied
potential of 1.6 V vs. Ag/AgCl for 300 s.

We first characterized the RuO, and pyd-RuO, catalysts to
confirm the selective etching process. Both catalysts exhibit
polycrystalline structures rich in grain boundaries with nanoscale
crystal domains (Figs. 1(b) and 1(c)) and maintain the rutile
structure according to the selected area electron diffraction (SAED)
pattern (Fig. S4 in the ESM) [39, 40]. To evaluate the etching effect
on the lattices, we counted the four different crystalline lattice
stripes (e.g. (101), (110), (111), and (200)) in the TEM images of
RuO, before and after pyridazine-driven etching. After etching, the
(110) lattice stripes of pyd-RuO, were significantly reduced, with
the increasing percentages of (101) and (200) lattice stripes
(Fig. 1(d)). Considering the correlation between three-dimensional
spatial structures and lattice stripes (Fig. S5 in the ESM), the lower
probabilities of (110) lattice stripes actually indicate the enrichment
of the (110) facet toward a more stable RuO, (110) structure. The
absence of pyridazine led to a less-pronounced enrichment effect,
and the remnant N from the pyridazine on pyd-RuO, was revealed
by the energy-dispersive spectroscopy (EDS) (Fig. S6 in the ESM),
which supports the interaction between pyridazine and the RuO,
surface likely by chemisorption. This probable facet-selective
chemisorption then induces the face-selective etching of RuO,
catalysts toward a RuO, (110)-centered surface structure.

Further surface chemical identities of the RuO, and pyd-RuO,
catalysts were analyzed by XPS (Figs. 1(e) and 1(f)). The Ru 3p,,
spectra could be deconvoluted into two major peaks, corresponding
to Ru* and Ru™ or Ru™ species [11, 41, 42]. The peak at higher
binding energy is typically attributed to Ru* due to the instability of
Ru™ species, but our selective etching method involves the
treatment at highly anodic potentials, which possibly generates Ru*
on the surface. By integrating the deconvoluted peaks, we derived
the relative ratio of each species (Figs. 1(g) and 1(h)). The
pyridazine etching treatment increased the proportion of the more
stable Ru* species from 65.8% to 73.1%, likely due to the highly
anodic potentials applied for etching unstable Ru*/Ru*. As the pyd-
RuO, was utilized for OER, this proportion of Ru* slightly
diminished from 73.1% to 65.3% while from 65.8% to 51.6% for
RuO,. As for the O 1s spectra, the peaks could be deconvoluted and
ascribed to lattice oxygen O, the hydroxyl species (OH) and the
water or oxygen vacancies (H,0/O,,.) from lower binding energies
to higher binding energies (Fig. 1(f)) [43, 44]. The pyridazine
treatment resulted in the significant loss of O*~ and the increasing
fraction of OH, which corresponds to pyridazine-driven leaching of
Ru and lattice O*. Further OER treatment diminished the OH
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Figure1 (a) Schematic diagram of the facet-selective electrochemical etching process to obtain pyd-RuO,/CFP electrodes. ((b) and (c)) High-resolution TEM images of
(b) RuO, and (c) pyd-RuO,. (d) The comparation of related crystal indexes ratios from TEM images. (e) Ru 3p;;, and (f) O 1s XPS spectra of RuO,/CFP, RuO,/
CFP-10 min, RuO,/CFP-20 h, pyd-RuO,/CFP, pyd-RuO,/CFP-10 min, and pyd-RuO,/CFP-20 h. ((g) and (h)) The relative deconvoluted area ratios of Ru* and Ru**/Ru*,

and those of 0%, OH, and H,O for each catalyst in (e) and (f).

species and generated more O* and H,O/O,,,, presumably resulting
from the surface reconstruction during OER. Furthermore, a semi-
quantitative XPS analysis revealed the increasing N peak intensity
after pyridazine treatment due to its chemisorption (Fig. S7 in the
ESM), but as the OER reaction progressed, this N 1s peak
underwent a gradual decrease, approaching a state akin to
RuO,/CFP, which suggests the detachment of pyridazine during
OER in a pyridazine-free electrolyte.

We then evaluated the stability and activity of the pristine
RuO,/CFP electrode and pyd-RuO,/CFP electrode (Figs. 2(a) and
2(b)). An etched RuO,/CFP in the H,SO, electrolyte without
pyridazine (H,SO,-RuO,/CFP) was also compared side-by-side. At
a loading of 0.4 mg-cm?, the pyd-RuO,/CFP electrode showed
obvious stability improvement at a current density of 100 mA-cm™
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(Fig. 2(a)). The stability curve manifests a distinctive plateau region
for the first 15 h with a slow decay afterwards. In stark contrast, the
RuO,/CFP and H,SO,-RuO,/CFP electrodes showed obvious decay
within 30 h, with potential ramping up to > 1.7 V vs. RHE. As for
activity, both RuO,/CFP and pyd-RuO,/CFP electrodes presented
high OER activities with very slight activity differences. Specifically,
the pyd-RuO,/CFP possessed the low overpotentials of 187 mV at
10 mA-cm™ and 247 mV at 100 mA-cm™ (Fig. 2(b)). The Tafel
analysis revealed that the very slight increase in the Tafel slope from
43.57 to 46.62 mV-dec after pyridazine etching did not have a
significant blunting effect on the OER reaction kinetics (Fig. S8 in
the ESM). In Bode plots, the peaks of phase angles appeared at the
identical frequencies for RuO,/CFP and pyd-RuO,/CFP, suggesting
the negligible effect of etching on the reaction mechanisms, but the

Nano Research, 2025, 18, 94907315
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Figure2 (a) The chronopotentiometric curves of RuO,/CFP, H,SO,-RuO,/CFP, and pyd-RuO,/CFP at a loading of 0.4 mg-cm™ RuO,. (b) Linear sweep voltammetry
curves of RuO,/CFP and pyd-RuO,/CFP, at a loading of 0.4 mg:cm™ RuO, and under a scan rate of 5 mV-s™. (c) The chronopotentiometric curves with pyd-RuO,/CFP at
a loading of 0.4 mg-cm™ RuO, and a constant current density of 10 mA-cm™ and with pyd-RuO,/CFP at a loading of 2 mg-cm™ at 100 mA-cm™. (d) Ru dissolution
contents and dissolution rates for RuO,/CFP and pyd-RuO,/CFP under 100 mA-cm electrolysis conditions.

charge-transfer resistance was slightly lowered for pyd-RuO,/CFP,
as indicated by the Nyquist plots (Fig. S9 in the ESM).

To further illustrate the stability enhancement by pyridine
etching, we conducted long-term stability tests on pyd-RuO,/CFP.
The pyd-RuO,/CFP showed over 250 h stability with a decay of
only 8 mV at 10 mA-cm™ under the loading of 0.4 mg-cm™ and
over 200 h stability with a decay of 36 mV at 100 mA-cm™ under
the loading of 2.0 mg-cm™ (Fig. 2(c)). In the latter case, only 0.63%
Ru dissolved in the H,SO, electrolyte. We further compared the
dissolution of Ru for RuO,/CFP and pyd-RuO,/CFP during
electrolysis under 100 mA-cm™ by quantifying the dissolved Ru in
the electrolyte at 4 h intervals (Fig. S10 and Table S1 in the ESM).
After 20 h of OER, the content of dissolved Ru for pyd-RuO,/CFP
was significantly lower than that for RuO,/CFP, and the dissolution
rate for pyd-RuO,/CFP decreased dramatically from 2.38 to
0.04 pg-h™ (Fig. 2(d)). Both catalyst electrodes showed dramatic Ru
dissolution during the initial 4 h and stabilized after the 4 h period.
During the stabilized period, the pyd-RuO,/CFP showed
significantly lower Ru dissolution rates than RuO,/CFP to
contribute to the higher stability. This likely originated from the
enriched RuO, (110) facets upon pyridazine etching, and the
proposed mechanism will be elaborated later. These results indicate
the efficacy of the pyridazine-induced facet-selective electro-
chemical etching method in enhancing the stability of RuO,
catalysts.

To further demonstrate the pyridazine effect during etching and
its stability enhancement effect, we carried more detailed analysis by
electrochemical methods and in situ spectroscopy. If pyridazine
remains in the electrolyte during OER, the activity is greatly
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suppressed with increasing potentials to drive the constant current
density (Fig. 3(a)). It indicates that pyridazine has a very strong
adsorption capability on the RuO, surface toward poisoning the
OER-active sites, which, in the meantime, suggests that the etching
process is dominated by the chemisorption of pyridazine on the
surface. We further conducted the cyclic voltammetry (CV) analysis
on RuO,/CFP and pyd-RuO,/CFP electrodes in a wider potential
window and compared the fifth CV cycles of the two electrodes
(Figs. 3(b) and 3(c)). Two pairs of redox peaks were observed: the
Ru*/Ru* redox at 0.6 V vs. RHE and the Ru*/Ru™ redox at 1.2 V
vs. RHE [11, 45]. The Ru*/Ru* and Ru*/Ru™ peaks of pyd-
RuO,/CFP slightly shifted toward more positive potentials
compared to those of RuO,/CFP. This shift represents the higher
binding of surface Ru to the catalyst with more reluctance for
oxidation and dissolution. Meanwhile, the peak areas for both sets
of Ru redox decreased upon pyridazine treatment, suggesting an
enhancement in the Ru stability. Moreover, the repetitive CV scans
showed a gradual increase of capacitance for the pristine RuO, in
the H,SO, electrolyte but a relatively steady capacitance for the
pyd-RuO,/CFP. While performing the identical repetitive scans on
RuO,/CFP but in the electrolyte of 55 mmolL" pyridazine
+ 0.5 molL" H,SO,, we also observed the greatly-maintained
capacitance (Fig. S11 in the ESM), supporting the stabilizing effect
of pyridazine.

We also employed the in situ ATR-SEIRAS technique to
characterize the interface during etching and OER. First, the Au
electrode with RuO, coating was submerged in a 0.5 mol-L™ H,SO,
electrolyte containing 5.5 mmol-L" pyridazine and spectra were
collected at potentials ranging from 0.95 to 1.25 V vs. AgCl

(B 7% 2 | Sci@pen
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Figure3 (a) The chronopotentiometric curves of RuO,/CFP with 20 uL pyridazine added to the 0.5 mol-L* H,SO, electrolyte under 50 mA-cm™ electrolysis conditions.
((b) and (c)) The fifth cyclic voltammetry curves for (b) RuO,/CFP and (c) pyd-RuO,/CFP at a scan rate of 50 mV-s™ for 5 cycles. ((d) and (e)) Difference ATR-SEIRAS
spectra of the RuO, in 0.5 mol-L™" H,SO, electrolyte (d) with and (e) without 20 pL pyridazine by sequential measurements. The spectra were subtracted by the spectrum

taken at open circuit potential (OCP).

(Fig. 3(d)). The peaks at 3094 and 1582 cm™ underwent gradual
enhancement under more positive potentials, while the peak at
1440 cm™ exhibited a concurrent gradual weakening. Comparing
with the standard spectrum of pure pyridazine (Fig. S12 in the
ESM), we confirmed the former originated from C-H stretching
vibration and C-C ring stretching vibration of pyridazine,
respectively, with the latter originated from the C-N ring stretching
vibration of pyridazine. The enhanced signals were likely resulted
from the enrichment of pyridazine with strong tendency toward
chemisorption, while the diminished C-N stretching signal might
be due to the coordination of pyridazine to RuO, surface that
weakens the C-N bond.

After that, we switched the electrolyte from the pyridazine-
containing electrolyte to a pure 0.5 molL™" H,SO, electrolyte. In
contrast to the pyridazine etching situation, this scan showed the
reverse trend with decreasing C-C stretching intensity at 1577 cm™
and increasing C-N stretching intensity at 1432 cm’,
corresponding to the pyridazine detachment in pure H,SO,
electrolyte (Fig. 3(e)). Comparatively, the C-H bonding peak at
3094 cm™ almost disappeared during this can. We attributed this
effect to the fact that the enrichment of C-H stretching is originated
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from the enriched pyridazine near the vicinity of electrode rather
than the directly-adsorbed pyridazine, and once pyridazine is
removed, this C-H stretching peak could totally disappear. These
results confirm that the pyridazine could dynamically
adsorb/desorb on the RuO, surface. In the pyridazine-containing
electrolyte, the pyridazine tends to adsorb and stabilize on the RuO,
surface, and only under highly anodic potentials, these pyridazine
could desorb and drag the Ru to leach. While switching to the
electrolyte not containing pyridazine, the anodic potential facilely
drives its desorption for leaving the active site toward OER.

We have demonstrated the effectiveness of pyridazine adsorption
for stabilizing the RuO, surface, but the facet selectivity upon OER
stability and pyridazine etching remains to be addressed.
Accordingly, we first gleaned the facet stability toward OER by
TEM characterization (Figs. 4(a)-4(c)). The pyd-RuO, catalysts
after 5 h stability measurement were characterized. High-angle
annular dark-field (HAADF) imaging and EDS characterization
revealed the slightly remnant N elemental distribution, but this
distribution showed the absence of discernible regional specificity
compared to Ru and O, suggesting the dynamic adsorption/
desorption of pyridazine (Fig. S13 in the ESM). By magnifying the
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Figure4 ((a)-(c)) TEM images of pyd-RuO,/CFP electrode after 100 mA-cm™ OER testing in 0.5 mol-L" H,SO, electrolyte for 5 h. (d) Adsorption free energies of
pyridazine (AG, ) on (110), (101), (100), and (111) surfaces by DFT calculations. ((e)-(h)) The configuration of Ru dissolved on (110), (101), (100), and (111) surfaces
of RuO, in the presence of pyridazine. (i) The dissolution free energy of Ru (AGy y,) in the absence (orange) and presence (green) of pyridazine on different RuO, facets.

The blue dots represent the differences in dissolution energies of Ru in the absence and presence of pyridazine (AG:™"*»* — AG2"™* ). (j) The schematic diagram of OER

stability mechanisms on different RuO, facets.

edges of each facet on the RuO,, we observed fuzzy crystalline
surfaces on (101) and (200), corresponding to strongly disordered
rearrangement and amorphization under OER conditions. These
disordered lattices could lead to severe degradation of the OER
activity and continuous dissolution of Ru (Fig. 4(b)).
Comparatively, the edges of the (110) facet remained very clear, and
two rows of Ru atoms were clearly plucked out of the plane toward
dissolution. This phenomenon suggests that RuO, (110) is not
perfectly stable but is subject to dissolution in a more ordered
manner (Fig. 4(c)). Combining the stabilized Ru dissolution after
hours of OER operation, we envision that the dissolved Ru can
partially repair onto the RuO, (110) surface for reaching
equilibrium. Whereas, on other facets, despite their possibly lower
Ru dissolution, the surface Ru atoms can be subject to the
significant rearrangement into amorphous structure toward
instability.

To reveal the effect of pyridazine on the dissolution of Ru during
etching, we carried out density functional theory calculation and
constructed models of different RuO, facets with low Miller indices,
including (110), (101), (100), and (111). The thermodynamically
stable configurations of these surfaces were first determined in the
absence of pyridazine molecules. The (100) and (111) surfaces
exhibit stable configurations with 1 molecular layer (ML) H,O*
coverage, whereas the (110) and (101) surfaces present 1/2 ML

Nano Research, 2025, 18, 94907315
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diss—Ru diss—Ru

H,0* + 1/2(H* + OH*) configurations according to the global
structure search using stochastic surface walking (SSW) based on
neural network (NN) [46] (Figs. S14-S17 in the ESM). The
dissolution energies (AGyr,) of Ru atoms on these surfaces were
then investigated based on the stable configurations. Ru atoms are
most readily dissolved from the (110) surface, exhibiting the most
exothermic AGy g, of —1.52 €V, while the AGgyp, values for the
(101), (100), and (111) surfaces are —0.72, —1.07, and —0.15 €V,
respectively (Figs. 4(e)—4(h) and Figs. S18-S21 in the ESM).

In the presence of pyridazine molecule, pyridazine adsorption on
each surface is exothermic and is accompanied by desorption of
H,0 molecules from the adsorption sites (Fig. 4(d)). The
dissolution of Ru in the presence of pyridazine was further explored
(Figs. 4(e)—4(h) and Figs. S18-S21 in the ESM). The dissolution
exotherms for Ru atoms on the (101), (100), and (111) surfaces
under pyridazine are significantly reduced to —0.15, —0.56, and
0.98 eV, respectively (see the green bar in Fig. 4(i)), indicating a
strong inhibition of Ru dissolution by pyridazine molecules.
Notably, the exotherm of Ru dissolution on the (110) surface is only
slightly reduced to —1.37 eV, implying less pronounced inhibition
effect on the (110) surface. Consequently, the inhibition of Ru
dissolution by pyridazine on the (101), (100), and (111) surfaces,
but not on the (110) surface, contributes to the extensive exposure
of (110) facet of RuO, under etching conditions.

By compiling the afore-mentioned results, we could depict a
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vivid picture of facet-selective etching and OER activity facilitated
by pyridazine (Fig. 4(j)). During the etching process, pyridazine
dynamically adsorbs onto various facets of the RuO,, more
favorably onto the (100) and (111) facets. More importantly, the
adsorption of pyridazine significantly stabilizes the Ru atoms on the
surfaces, especially on the facets other than the (110) facet. As a
result, the RuO, can be selectively etched along the direction
perpendicular to the (110) plane to produce a (110) facet-enriched
RuO, catalyst, pyd-RuO,. Despite the high dissolution rate of Ru on
the (110) facet, the (110)-enriched RuO, showed much enhanced
stability toward OER over long terms. Upon OER operation, the
adsorbed pyridazine could be facilely detached to expose more
active sites. Ru atoms on the (110) surface can dynamically dissolve
and repair in an ordered manner without much disruption of the
surface structures, while Ru atoms on other surfaces tend to
undergo disordered rearrangement, possibly via local dissolution
and deposition into amorphized structures. These amorphized
structures can continuously lose active Ru centers and
corresponding OER stability. This explains our findings of more
stable (110)-enriched RuO,, as well as many literature reports.

3 Conclusions

Overall, we developed an effective strategy for enhancing the
stability of RuO, by the facet-selective etching using pyridazine. The
validity of this strategy was confirmed by the TEM characterization
of enriched (110) facets and significantly longer OER operation
with suppressed Ru dissolution. A combinatorial analytic technique
of electrochemical measurement, in situ ATR-SEIRAS and XPS
showed that pyridazine can facilely adsorb onto the RuO, surface to
stabilize the surface atoms. This stabilization effect greatly differs on
different facets, with a much less pronounced effect on the (110)
facet, and therefore, the anodic etching process prefers to take the
(110) direction for enriching the (110) facets for the pyd-RuO,. This
is corroborated by the calculated dissolution energies on different
facets. Further analysis by TEM characterization and DFT
calculation reveals that the (110) facet favorably undergoes the
dissolution and repair cycle in an ordered manner, while other
facets lead toward disorder and amorphization that devastates the
OER stability. This discovery offers an insight into the dissolution
and stability mechanism of RuO,-based catalysts, as well as an
effective strategy for enriching certain facets on polycrystalline
nanoparticles by harnessing the power of surface ligands, especially
toward facet-selective etching.

Electronic Supplementary Material: Supplementary material
(additional electrochemical characterizations, TEM, HAADF,
STEM images, and theoretical models) is available in the online
version of this article at https://doi.org/10.26599/NR.2025.
94907315.
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