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ABSTRACT
Surface reconstruction governs the activity and stability of oxide-based electrocatalysts in alkaline hydrogen evolution reaction
(HER), yet its structural origins remain unclear. Here, we show that tuning the connectivity of RuO6 octahedra in BaRuO3

perovskites modulates reconstruction thermodynamics, with the balance between corner- and face-sharing units determining
the formation of amorphous surface RuxOy layers. Increased corner-sharing weakens lattice cohesion and promotes early
Ba/Ru dissolution and amorphization, whereas excessive face-sharing suppresses reconstruction. The 6H phase, featuring a
balanced connectivity motif, undergoes moderate, self-activating reconstruction that preserves bulk stability. In situ Raman
spectroscopy reveals rapid Ru–O rearrangement producing an amorphous RuxOy shell with accelerated OH* turnover and
interfacial water reorganization. Density functional theory (DFT) shows that reconstructed RuxOy domains redistribute interfacial
charge, strengthen Ru 4d–O 2p orbital hybridization, lower the water-dissociation barrier, and optimize hydrogen-binding
energetics. These features account for the outstanding performance of AC-6H (the activated 6H-BaRuO3 is denoted as AC-6H),
achieving 11 mV at 10 mA cm−2 and sustaining 150 h at 200 mA cm−2. This work establishes octahedral-connectivity engineering
as a platform for directing reconstruction and designing high-performance HER catalysts.

N

©

A
h

ing Sun, Bowen Zhang, and Yuwei Liu contributed equally to this work.

2026 Wiley-VCH GmbH

dvanced Functional Materials, 2026; 36:e75083
ttps://doi.org/10.1002/adfm.75083
1 of 12

http://www.afm-journal.de
https://orcid.org/0009-0007-9847-7833
https://orcid.org/0000-0003-0324-2227
https://orcid.org/0000-0002-1820-6221
https://orcid.org/0000-0001-9889-0299
mailto:huang-kai@bupt.edu.cn
mailto:xiangli@bit.edu.cn
mailto:runze.yu@hpstar.ac.cn
https://doi.org/10.1002/adfm.75083
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.75083&domain=pdf&date_stamp=2026-03-23


1

T
a
s
l
c
c
p
c
c
s
m
r
c
p
s
a
r
s
d
s
m
s
e
s
t
c
m
s
e
e
r

E
e
t
s
r
s
a
H
→

l
o
H
b
r
p
i
i
R
n
t
t
i
o
a
r
a
s

2

 16163028, 2026, 44, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.75083 by Portail B
ibC

N
R

S IN
SB

, W
iley O

nline L
ibrary on [05/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
Introduction

he physical and chemical properties of functional materials
re fundamentally governed by the connectivity of their basic
tructural units [1]. In transition-metal oxides and related cova-
ent or ionic solids, these units are predominantly octahedrally
oordinated [2, 3]. From a polytypism perspective, variations in
orner-, edge-, or face-sharing of octahedra can generate multi-
le crystalline polytypes at identical compositions, reflecting a
ompetition amongmetal–metal interactions, lattice packing effi-
iency, and free-energyminimization [4]. Importantly, octahedral
tacking simultaneously defines local coordination geometry,
etal–metal separation, and framework density, rendering the
elative stability of different polytypes highly sensitive to lattice
hemistry and external pressure. The 3C, 4H, 6H, and 9R
hases exemplify this structural diversity, arising from distinct
tacking sequences of octahedra along close-packed directions
nd giving rise to cubic (Pm3̅m), hexagonal (P63/mmc), and
hombohedral (R3̅m) symmetries [5]. Such connectivity-driven
tructural variations regulate metal–metal coupling, electronic
elocalization, and lattice strain, thereby reshaping the electronic
tructure and orbital configuration [6]. In particular, reduced
etal–metal distances associated with higher-order octahedral
haring enhance d–d and d–p orbital hybridization, reorganizing
lectronic states near the Fermi level and modulating binding
trength of reaction intermediates during catalysis [7]. Moreover,
he shortened metal-metal distance from corner- to edge-sharing
onfigurations is expected to accelerate catalytic kinetics by
inimizing repulsion and optimizing reaction pathways. Con-
equently, octahedral-stacking engineering has emerged as an
ffective strategy for interrogating catalytic mechanisms, while
lucidating how distinct stacking motifs govern dynamic surface
econstruction remains a critical challenge [8].

lectrocatalytic hydrogen production is central to renewable-
nergy conversion, and anion-exchange membrane water elec-
rolysis (AEMWE) has become a promising platform for large-
cale H2 generation [9, 10]. However, the hydrogen evolution
eaction (HER) in alkaline media is intrinsically limited by
luggish water dissociation and the low availability of protons
t the catalyst surface [11]. In the Volmer step of alkaline HER,
* species are generated through water dissociation (H2O + e−
H* + OH−), which imposes an additional energy barrier and

imits the reaction rate [12]. Ruthenium, costing only a quarter
f platinum, demonstrates comparable or even superior alkaline
ER activity due to its high oxygen affinity and low energy
arrier for H2O dissociation [13, 14]. However, Ru-based catalysts
emain constrained by slow water dissociation with inadequate
roton supply, suboptimal H* adsorption/desorption, and evolv-
ng surface structures during operation. Surface reconstruction
s especially pronounced for Ru, which often forms amorphous
uxOy or Ru clusters during alkaline HER [15], accompanied by
otable elemental dissolution that obscures the identity of the
rue active phase and compromises durability [16]. In addition,
he reconstructed interface continuously exchanges atoms and
ntermediates, generating new surface species while erasing
thers [17], complicating mechanistic interpretation. Therefore,
well-defined Ru-based platform is needed to elucidate how
econstruction layers form, evolve, and interact with intermedi-
tes, and how these processes determine catalytic activity and
tability.
of 12
By manipulating the configuration of RuO6 octahedra from
corner- to face-sharing, one can probe how connectivity governs
alkaline HER kinetics; however, such investigations remain
limited due to synthetic challenges and the absence of in situ
mechanistic insight. Here, we introduce a connectivity-guided
self-activation strategy in which the ratio of corner- and face-
sharing RuO6 units in BaRuO3 is systematically tuned to regulate
surface reconstruction during alkaline HER. Reduced corner-
sharing structures enhance bulk stability but suppress recon-
struction, whereas increased corner-sharing structures facilitate
lattice reorganization and boost catalytic activity (Scheme 1).
The 6H phase achieves an optimal balance, preserving structural
integrity while enabling controlled surface reconfiguration. In
situ Raman spectroscopy reveals rapid formation of amorphous
surface RuxOy on 6H-BaRuO3 (AC-6H; the activated sample is
denoted as AC-sample), accompanied by accelerated intermedi-
ate turnover and reorganization of interfacial water. Density func-
tional theory (DFT) shows that reconstructed RuxOy domains
trigger interfacial charge redistribution, strengthen Ru–O 4d–
2p orbital hybridization, thereby lowering the water-dissociation
barrier and tuning hydrogen-adsorption energetics. These refine-
ments collectively explain the high HER performance of AC-6H,
which requires only 11 mV at 10 mA cm−2 and maintains stability
for over 150 h at 200 mA cm−2 in 1.0 m KOH. Overall, this work
establishes octahedral-connectivity engineering as an effective
strategy for controlling reconstruction and developing durable
alkaline HER catalysts.

2 Results and Discussion

2.1 Synthesis and Structural Characterization

BaRuO3 perovskites with different crystalline phases were syn-
thesized using two established routes: the 9R phase via a solid-
state method, and the 4H, 6H, and 3C phases via a previously
reported high-pressure high-temperature (HPHT) procedure [18].
Powder x-ray diffraction (PXRD) refinements confirm that all
samples are phase-pure without detectable impurities (Figure
S1). Notably, BaRuO3 exhibits four structural configurations
derived from different combinations of Ru–O octahedra and
basic building units, including Ru2O9 dimers and Ru3O12 trimers,
which involve various face-sharing and corner-sharing connec-
tion modes (Figure S2). This structural diversity provides an
ideal platform to probe how RuO6 connectivity dictates lattice
stability and reconstruction propensity. Specifically, 9R-BaRuO3
(R3̅m) consists of face-sharing Ru3O12 trimers linked by corner-
sharing oxygen atoms, while 4H-BaRuO3 (P63/mmc) contains
face-sharing Ru2O9 dimers connected through corner-sharing
oxygens. 6H-BaRuO3 (P63/mmc) features both Ru2O9 dimers
and RuO6 octahedra joined by corner-sharing oxygen atoms,
whereas 3C-BaRuO3 (Pm3̅m) is composed exclusively of corner-
shared RuO6 octahedra. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images reveal that
the sample consists ofmicrometer-sized particles (Figures S3–S7).
High-resolution TEM (HR-TEM) and the corresponding selected-
area electron diffraction (SAED) pattern confirm clear lattice
fringes and single-crystal characteristics for the BaRuO3 fam-
ily. Energy-dispersive spectroscopy (EDS) mapping confirms a
homogeneous Ba, Ru, and O distribution at an approximate ratio
of 1:1:3 (Figure S8). These results verify the successful preparation
Advanced Functional Materials, 2026
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SCHEME 1 Schematic diagram linking crystal stability, reconstruction degree, and electrocatalytic activity along the transition from corner- to
face-sharing RuO6 frameworks.
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f phase-pure samples and provide a solid basis for investigating
heir dynamic structural evolution during electrocatalysis.

erovskite oxides frequently undergo elemental leaching and
urface reconstruction during electrocatalysis—a process
ften described as “activation.” Following common practice
19, 20], the BaRuO3 samples were activated by linear sweep
oltammetry (LSV) over 1, 35, and 50 cycles and subsequently
haracterized. Ex situ XRD (Figure S9) reveals the formation of
Ba(OH)2⋅8H2O secondary phase in all BaRuO3 polymorphs
xcept 6H-BaRuO3, consistent with its superior structural
obustness [21]. HR-TEM analysis (Figure S10) reveals that 9R-,
H-, and 3C-BaRuO3 rapidly form amorphous surface layers
ith embedded nanoclusters after only one LSV cycle, whereas
H-BaRuO3 develops a predominantly amorphous surface
ithout obvious clustering. This reconstruction behavior is
onsistent with recent reports by Wang et al., who demonstrated
ias-driven dynamic surface reconstruction and Ru cluster
ormation in mixed-phase 9R/6H-BaRuO3 [22]. Combining
XRD results, our data further indicate that surface Ru species
riginate from Ba-induced lattice destabilization, establishing
a dissolution as the primary trigger for Ru reconstruction.
pon prolonged activation (50 LSV cycles), a distinct phase-
ependent evolution is observed. Notably, no discernible
lusters are detected on any sample. In contrast, pronounced
ifferences in amorphous layer thickness emerge: 9R-, 4H-, and
H-BaRuO3 retain relatively thin amorphous layers of 7.4, 8.7,
nd 4.8 nm, respectively, whereas 3C-BaRuO3 undergoes severe
morphization, reaching a thickness of ∼70.7 nm (Figure S11).
oreover, this evolution correlates strongly with the Ru─O bond

ength and octahedral connectivity (Figure S12). In the hexagonal
olytypes, elongated Ru─O bonds may enhance lattice flexibility
nd strain accommodation, thereby suppressing amorphous layer
rowth. By contrast, cubic 3C-BaRuO3, despite its longest Ru─O
ond, possesses a rigid fully corner-sharing RuO6 framework
hat is intrinsically unstable under HER conditions, leading to
atastrophic amorphization. Inductively coupled plasma optical
mission spectroscopy (ICP-OES) measurements (Table S1)
dvanced Functional Materials, 2026
reveal that the dissolution of both Ba and Ru generally decreases
with increasing fractions of corner-sharing octahedra. Notably,
the 6H phase, which possesses a balanced ratio of corner- and
face-sharing RuO6 units, exhibits the lowest Ru dissolution,
likely accounting for its superior catalytic stability. Interestingly,
Ru dissolution shows a strong positive correlation with the Ru─O
bond length, with longer Ru─O bonds leading to accelerated
Ru leaching (Figure S13). Consistently, 6H-BaRuO3 features the
shortest Ru─O bond length and correspondingly the lowest Ru
dissolution rate, underscoring the critical role of local bonding
environments in governing electrochemical stability.

Based on its unique structural evolution, 6H-BaRuO3 after 50-
cycle activation was selected for detailed HER evaluation. As
shown in Figure 1a, activated 6H-BaRuO3 consists of a bulk
crystalline region (region I) and a weakly crystalline surface
region (region II) indexed to RuO2 with a 0.31 nm lattice spacing.
fast fourier transform (FFT) patterns confirm the (104) planes
of 6H-BaRuO3 and partial amorphous features. EDS mapping
further (Figure 1b) shows that the Ba-rich area (green dotted
lines) is smaller than the Ru-rich area (white dotted lines), with
surface Ba depletion evidenced by Ba (13.7%), Ru (27.9%), and O
(58.4%) ratios. EDS line scans further verify reduced Ba content
near the surface. Refined electron energy loss spectroscopy
(EELS) spectra (Figure 1c) reveal electronic differences between
the surface (areas 1–2) and bulk (area 3). The Ru M-edge in
area 2 shifts by 1.3 eV toward lower energy, indicating a reduced
Ru valence after LSV activation. Meanwhile, the O K-edge in
area 2 exhibits a distinct feature associated with Ru 4d–O 2p
hybridization [23], which is less pronounced in area 3. Theweaker
BaM-edge signals further confirm surface Ba depletion.

The local coordination and oxidation state of Ru were further
examined by synchrotron-based x-ray absorption spectroscopy
(XAS). X-ray Absorption Near-Edge Structure (XANES) spectra
(Figure 1d) show that the absorption edges of activated sam-
ples approach that of RuO2, and calculated Ru valence states
progressively decrease from +3.59 (first LSV) to +3.44 (35th
3 of 12
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FIGURE 1 Structural characterization of 6H-BaRuO3 after LSV activations. (a) HR-TEM images with corresponding magnified regions and FFT
patterns after 50-cycles. (b) HAADF image and elemental mapping with line-scan EDS profiles after 50-cycles. (c) HAADF images and corresponding
EELS spectra after 50-cycles. (d) RuK-edge XANES spectra. (e) Calculated Ru valence states. (f) Ru EXAFS spectra. (g) O 1 s XPS spectra. (h)WT analysis
of EXAFS results.
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SV) and +3.13 (50th LSV) (Figure 1e). This trend correlates
egatively with the HER performance discussed later. Fourier-
ransformed extended x-ray absorption fine structure (EXAFS,
on-phase-shift corrected) in Figure 1f for the activated 6H-
aRuO3 samples reveals a dominant Ru–O coordination shell at
pproximately 1.50 Å, shorter than that in pristine 6H-BaRuO3
1.53 Å), and the absence of Ru–Ru scattering at 2.41 Å (as
bserved in Ru foil), confirming Ru’s changes in the local envi-
onment. TheRu–O coordination number decreases after the first
ycle, increases slightly after the 35th cycle, and decreases again
fter the 50th cycle. This behavior reveals a dynamic evolution
f surface reconstruction, likely arising from the equilibrium
etween oxygen vacancy formation in BaRuO3 and the genera-
ion of surface RuxOy species. X-ray photoelectron spectroscopy
XPS) of O 1s further provides insights into the surface oxygen
of 12
species (Figure 1g). The pristine 6H-BaRuO3 shows three peaks
corresponding to lattice oxygen, adsorbed oxygen, and adsorbed
H2O at 528.65, 530.2, and 532.2 eV, respectively. After activation,
new features attributed to O−/O2− species appear, particularly
at 531.05 eV for the 50th LSV sample. The progressive shift of
this peak toward lower binding energy from the first to the
50th LSV sample indicates strong charge redistribution through
surface oxygen bridges during reconstruction. Interestingly, the
proportion of oxygen vacancies in the O 1s spectrum increases
to 52.1% after the first LSV cycle, decreases to 46.3% after the
35th cycle, and rises again to 48.8% after the 50th cycle. This
observation further confirms that the reconstruction mainly
occurs on the surface, as XPS is highly sensitive to surface
chemistry. We refer that oxygen vacancies form on the BaRuO3
surface after the initial cycle, followedby the generation of surface
Advanced Functional Materials, 2026
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FIGURE 2 Raman spectroscopy for BaRuO3 family. (a–d) In situ Raman spectra of (a) 9R-BaRuO3, (b) 4H-BaRuO3, (c) 6H-BaRuO3, and (d) 3C-
BaRuO3. (e–h) Ex situ Raman spectra of (e) 9R-BaRuO3, (f) 4H-BaRuO3, (g) 6H-BaRuO3, and (h) 3C-BaRuO3 after the first to 50th LSV cycles. (i)
Schematic illustration of crystal stability and reconstruction degree.
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uxOy and subsequent vacancy regeneration, which aligns well
ith the EXAFS and TEM results. Wavelet transform (WT)
nalysis of the EXAFS signals (Figure 1h) further confirms
hese structural changes. The characteristic signals at 7.52 and
2.05Å−1 for the 50th LSV sample correspond to Ru–O andRu–Ru
oordination, respectively, evidencing the formation of new local
nvironments compared to the original 6H-BaRuO3 structure
7.59 and 13.17 Å−1).

.2 In situ Raman Analysts for Dynamic
echanism

n situ Raman spectroscopy was first used to track how RuO6
onnectivity directs the pathway of surface reconstruction during
ER. In situ Raman spectroscopy (0.01 to −0.12 V in 1 m
OH) was employed to monitor surface reconstruction and
dvanced Functional Materials, 2026
intermediate evolution during the HER process (Figure 2). For
comparison, the pristine Raman spectra of 9R-, 4H-, 6H-, and 3C-
BaRuO3 are presented, and their peak positions are summarized
alongside literature values in Figure S14. At 0.01 V, 9R-BaRuO3
shows distinct peaks at 200, 281, 310, 465 and 623 cm−1 (Figure 2a),
corresponding to the Eg (Ru vibrations in a-b plane), A1g (Ru
vibrations along out-of plane), Eg (O), A1g (O) and A1g (O) active
modes [24], with negligible spectral changes as the potential
becomes more negative. For 4H-BaRuO3, seven characteristic
peaks are identified (Figure 2b)—six at 191.1, 247, 265, 340.8, 422.7
and 619 cm−1 (E2g(Ru), E2g(O), A1g(Ru), E2g(O), E1g(O), andA1g(O)
modes) and an additional band at 731 cm−1 assigned to adsorbed
OH* [13]. Although its overall profile remains largely stable under
cathodic bias, the Raman peak for OH* produced from water
dissociation, gradually intensifies as the potential decreases. Nor-
mally, adsorbed OH* would desorb (OH* + e− → OH−), leading
to a weaker signal; however, the sustained intensity suggests
5 of 12
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ontinuous OH* replenishment via water dissociation. For 6H-
aRuO3 in Figure 2c, the OH* adsorption peak (728 cm−1)
merges at +0.01 V but vanishes by 0 V, indicating fast OH*
esorption. As the potential is further lowered from 0 to
0.12 V, the main Ru–O band redshifts, implying partial Ru
ons valence state reduction [13, 25]. Interestingly, when the
pplied potential reaches −0.10 V, a pronounced Raman peak
merges at 588 cm−1 and persists down to −0.12 V. According
o the assignment reported by Jo et al., this feature can be
ttributed to the formation of Ru3+─O bonds [26, 27], which
s not distinctly observed in other BaRuO3 polymorphs. Upon
eturning the potential to open-circuit potential (OCP), additional
aman peaks appear at 425, 475, and 531 cm−1, which can be
ssigned to Ru–OH in RuO2⋅xH2O, Ru-O in RuO2⋅xH2O, and
he Eg-mode Ru–O vibration in RuO2, respectively [25, 26, 28,
9]. Notably, Jo et al. employed isotopic substitution experiments
nd demonstrated that the characteristic low-frequency peak
hifts from 434 cm−1 in RuO2⋅xH2O to 422 cm−1 in RuO2⋅xD2O
26], thereby unambiguously confirming the involvement of
u–OH vibrations in the in situ Raman spectra, which is
n excellent agreement with our assignment. In contrast, 3C-
aRuO3 displays broader bands at 520 cm−1 (Ru–O) and 710 cm−1

adsorbed OH*) at +0.01 V in Figure 2d [30]. As the potential
pproaches −0.08 V, the OH* feature peak broadens, confirm-
ng that water dissociation continuously replenishes desorbed
pecies. At –0.10 V, intense hydrogen bubbling obscures most
eaks. Once the bias voltage is removed, sharper Raman bands
eappear at 422 and 460 cm−1, which can be assigned to
he Ru–OH and Ru–O vibrations in RuO2⋅xH2O, respectively.
hese features indicate a stronger coupling and interaction
etween Ru and H2O, which are more pronounced than those
bserved in 6H-BaRuO3, suggestingmore extensive Ru–O surface
econstruction.

x situ Raman spectra recorded after 1, 35, and 50 LSV cycles
urther support these trends. The pristine 9R-BaRuO3 (Figure 2e)
nd 4H-BaRuO3 (Figure 2f) remain largely unchanged even
fter 50th cycles. In contrast, 6H-BaRuO3 (Figure 2g) exhibits
ittle spectral variation over the first 35 cycles but develops
broad band centered at ∼520 cm−1 after 50 cycles [29, 31],
hich can be tentatively assigned to the Ru–O vibration in
uO2, accompanied by pronounced peak broadening indicative
f amorphization. For 3C-BaRuO3 (Figure 2h), this Ru–O feature
ppears after the first cycle and reaches maximum intensity
y the 35th cycles, indicating rapid surface restructuring. After
0th cycles, most characteristic peaks disappear except for a
road Ba─O band around 90 cm−1, suggesting severe structural
egradation and extensive surface amorphization [24, 32]. Our
esults reveal a clear structure–activity correlation: an increasing
raction of corner-shared octahedra reduces the crystal stability
nd promotes surface reconstruction during the HER. This is
anifested by the early emergence of RuxOy species and partial
eduction of Ru4+ on the 6H-BaRuO3 and 3C-BaRuO3 surfaces
0.01 to −0.12 V), accompanied by pronounced reconstruction
fter cycling, phenomena that are absent in the more stable
R-BaRuO3 and 4H-BaRuO3 phases (Figure 2i). Moreover, the
ransient evolution of the OH* feature during reconstruction
uggests that this process directly modulates the adsorption and
esorption kinetics of reaction intermediates, as discussed below.
he structural parameters, surface reconstruction characteristics,
nd dissolution behaviors of 9R-, 4H-, 6H-, and 3C-BaRuO3
of 12
are summarized in Table S2, providing a basis for future AI
(artificial intelligence)-assisted investigations into the structure–
reconstruction correlations.

During alkaline HER, protons adsorbed on the Ru surface
originate from bulk water molecules migrating to the interface
through the hydrogen-bond network. This migration requires
both dynamic reorganization of the network and rotational
motion of water molecules, making in situ monitoring of adsorp-
tion and dissociation critical [33, 34]. To probe the origin of
enhanced HER activity, we performed in situ Raman spec-
troscopy of interfacial water. As shown in Figure 3a–d, a broad
O─H stretching band (3000–3800 cm−1) appears, characteristic
of interfacial water. Deconvolution resolves three Gaussian com-
ponents at ∼3200, ∼3400, and ∼3600 cm−1, corresponding to
4-coordinatedhydrogen-bondedwater (4HB-H2O), 2-coordinated
hydrogen-bonded water (2HB-H2O), and weakly bound/free
water (K+-H2O), respectively [35]. Free water molecules rotate
easily but transfer protons inefficiently due to weak connectivity,
whereas strongly hydrogen-bonded water forms a rigid network
that demands higher reorientation energy for proton transfer.
To better understand the interfacial water configuration, the
distributions of 4HB-H2O, 2HB-H2O, and K+-H2O were analyzed
across the applied voltage range (Figure 3e,f; Figures S15 and
S16). For 9R-BaRuO3, sweeping the potential from 0 to −0.15 V
decreases 2HB-H2O (46.58% → 43.39%) while increasing 4HB-
H2O (40.15% → 44.25%); K+-H2O remains nearly constant. 4H-
BaRuO3 shows a similar trend (Figure S15), indicating gradual
conversion of 2HB-H2O to 4HB-H2O driven by cation accumu-
lation. In contrast, 6H-BaRuO3 and 3C-BaRuO3 display more
pronounced changes.

For 6H-BaRuO3, K+-H2O first increases (12.48% → 16.40%)
between 0 and −0.08 V due to facile adsorption, then slightly
decreases (16.40% → 12.23%) from −0.08 to −0.15 V. Over the
same range, 4HB-H2O and 2HB-H2O initially decrease (41.37%
→ 39.68% and 46.15%→ 43.92%) and then increase and decrease
(39.68%→ 51.62% and 43.92%→ 36.15%), respectively, suggesting a
strengthening of the hydrogen-bond network. At the initial stage,
cation-coordinated water accumulates at the interface, depleting
hydrogen-bonded species. Subsequent restructuring consumes
this layer, exposes active sites, facilitates O─H bond cleavage,
and enhances product diffusion, likely due to in situ RuxOy
formation. 3C-BaRuO3 exhibits non-monotonic three Gaussian
peaks changes with a transition at −0.06 V (Figure S16), earlier
than 6H-BaRuO3, indicating a more reactive surface capable
of reorganizing the hydrogen-bond network at milder poten-
tials. Its OCP Raman spectra show a pronounced increase in
strongly hydrogen-bonded water. Vibrational frequency shifts
under applied potential reflect the Stark effect, highlighting
intermediate sensitivity to the catalyst surface [36]. For 9R-
BaRuO3, all three O–H modes redshift significantly, whereas
4H-BaRuO3 shows only minor changes. 6H-BaRuO3 and 3C-
BaRuO3 switch from redshift to blueshift, indicating extensive
interfacial reconstruction. The largest shifts are observed for 4HB-
H2O species, consistent with stronger interactions and closer
proximity to the RuxOy surface. Overall, surface reconstruction
progressively reorganizes active sites, strengthens the interfacial
hydrogen-bond network, and promotes water dissociation. This
mechanism and its impact on alkaline HER are summarized in
Figure 3g,i.
Advanced Functional Materials, 2026
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FIGURE 3 Raman spectroscopic verification of the HER mechanism. (a–d) In situ Raman spectra of interfacial water for (a) 9R-BaRuO3, (b) 4H-
BaRuO3, (c) 6H-BaRuO3, and (d) 3C-BaRuO3. (e,f) Peak area ratios of the three interfacial water structures and Stark tuning rates for (e) 9R-BaRuO3
and (f) 6H-BaRuO3. (g–i) Schematic illustrations showing the configurations of 4HB-H2O, 2HB-H2O, and K+-H2O at the (g) 9R-BaRuO3, 4H-BaRuO3
and (i) 6H-BaRuO3, 3C-BaRuO3 surfaces during HER.
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.3 Excellent Electrocatalytic HER Performance

heHERperformance of the catalystswas evaluated in a standard
hree-electrode setup in 1mKOH.HERactivity for BaRuO3 family
radually improved with increasing LSV cycles, suggesting rapid
urface reconstruction during HER (Figure S17). Electrochemi-
al impedance spectroscopy (EIS) and double-layer capacitance
Cdl) measurements were performed before and after activation,
evealing enhanced conductivity and electrochemically active
urface area (ECSA) across all catalysts (Figures S18–S22 and
dvanced Functional Materials, 2026

rea
Table S3), likely due to optimized surface structures. After 50
LSV cycles, 6H-BaRuO3 showed the largest activity enhancement
among the BaRuO3 family (Figure 4a). Catalysts subjected to
50 cycles are denoted AC-9R, AC-4H, AC-6H, and AC-3C. AC-
6H achieved an overpotential of just 11 mV at 10 mA cm−2,
outperforming AC-9R (45 mV), AC-4H (35 mV), AC-3C (29 mV),
and commercial Pt/C (29 mV) (Figure 4b). It also exhibited the
lowest Tafel slope of 27.4 mV dec−1 (Figure 4c), considerably
smaller than AC-9R (80.1 mV dec−1), AC-4H (71.6 mV dec−1),
AC-3C (36.7 mV dec−1), and Pt/C (32.6 mV dec−1), indicating
7 of 12
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FIGURE 4 Electrocatalytic HER performance in 1 m KOH. (a) Polarization curves for 6h-BaRuO3 during different LSV cycles. (b) LSV curves. (c)
Tafel plots. d) Current density (j) as a function of scan rate. (e) Specific activity normalized to ECSA. (f) Radar plot comparing performance metrics. (g)
Alkaline HER activity comparison graph exhibiting the Tafel slope with 𝜂10. (h) ADT tests. (i) CP test.
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ignificantly faster HER kinetics. Electrochemically active sur-
ace area (ECSA) is widely used to evaluate electrocatalytic
ctivity and is directly proportional to the electrochemical
ouble-layer capacitance (Cdl) [37]. Cdl values for AC-9R, AC-
H, AC-6H, and AC-3C were measured at 15.3, 16.6, 19.0, and
1.4 mF cm−2, respectively (Figure 4d). Notably, AC-3C exhibits
he highest Cdl value, even exceeding that of AC-6H, which can
e attributed to its unusually thick amorphous surface layer
hat provides more accessible active sites. After normalization
y ECSA (Table S4), AC-6H demonstrated the highest intrinsic
ctivity (Figure 4e). Radar analysis of performance (Figure 4f)
hows progressive improvements in activity and kinetics with
ncreasing corner-sharing octahedral order fromAC-9R toAC-3C.
C-6H outperforms AC-3C, likely reflecting an optimal balance
etween surface reconstruction and structural stability, whereas
xcessive restructuring in AC-3Cmay reduce activity. Overall, the
ow overpotential and Tafel slope of AC-6H place it above many
tate-of-the-art perovskite catalysts reported in the literature
Figure 4g; Table S5).
of 12

C
rea
Beyond catalytic activity, operational durability is a key met-
ric for evaluating practical electrocatalysts [38]. As shown in
Figure 4h, AC-6H retains nearly identical polarization curves dur-
ing accelerated durability tests (ADTs) within the HER potential
window, demonstrating excellent stability. Perovskite catalysts
often deactivate under high current densities in alkaline HER,
limiting industrial applicability. Impressively, AC-6H maintains
a stable overpotential at −200 mA cm−2 for over 150 h during
chronopotentiometry (CP) in Figure 4i, with a minimal decay
rate of 0.4 mV h−1. Post-150h-CP characterization using XRD,
Raman, SEM, TEM, and ICP confirmed structural stability. No
significant changes were observed in XRD patterns (Figure S23),
indicating bulk integrity. Ex Raman spectroscopy shows that the
broad Ru─O band near 500 cm−1 gradually disappears after a
150-h CP test (Figure S24), suggesting that the surface RuxOy
speciesmay play a key role in the catalytic process. SEM and TEM
images (Figure S25) show nearly unchanged morphology, while
ICP analysis of the electrolyte revealed negligible Ru dissolution
over time (Table S6). Taken together, AC-6H combines high
Advanced Functional Materials, 2026
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ctivity with exceptional stability, making 6H-BaRuO3 a highly
romising, tunable framework for practical alkaline electrolyzer
pplications, as demonstrated below.

o evaluate the practical applicability of 6H-BaRuO3, a full-cell
nion-exchange membrane water electrolyzer (AEMWE) was
ssembled (Figure S26), using 6H-BaRuO3 as the cathode and
eNi-layered double hydroxides (LDH), a state-of-the-art oxygen
volution reaction (OER) material, as the anode [39]. Figure
26b,c shows polarization curves of AEMWEs operated at 60◦C
ith 6H-BaRuO3 and commercial Pt/C cathodes paired with
eNi-LDH anodes. The cell with 6H-BaRuO3 reaches a current
ensity of 1.0 A cm−2 at a lower voltage of 1.97 V, outperforming
t/C at 2.07 V, highlighting its excellent device performance
Figure S26d). Importantly, a low hydrogen production cost of
1.06 per kg H2 is achieved at 1 A cm−2, outperforming the
t/C || FeNi-LDH benchmark ($1.11 per kg H2) in Figure S27,
nd approaching the department of energy (DOE) 2030 target
$1.0 per kg H2). Meanwhile, the 6H-BaRuO3 cathode delivers
emarkable durability at 500mA cm−2 over 45 h, with an ultralow
ecay rate of 3.1 mV h−1, substantially surpassing Pt/C (Figure
28) and underscoring its robustness under practical operating
onditions.

.4 Theoretical Study on Electrocatalysis
echanism

o elucidate the molecular origins of the enhanced catalytic
ctivity of RuxOy/Ba1-δRuO3-δ (denoted AC-6H, combining with
uxOy and 6H), DFT calculations were carried out using inter-
ace models constructed from HR-TEM–derived orientations
nd Raman-resolved structural features (Figure 5a; Figure S29).
hese models integrate the (110) planes of 6H-BaRuO3 with
he (111) surfaces of a partially reduced amorphous RuxOy layer
nd incorporate the oxygen and barium vacancies generated
uring dynamic reconstruction. For comparison, a Ba1−δRuO3−δ
odel (denoted 6H′) was constructed (Figure S30) instead of
ristine 6H-BaRuO3, because structural characterizations reveal
hat vacancies are generated immediately after the first LSV cycle,
ndicating that vacancy effects must be considered under realistic
ER conditions. Since 9R-, 4H-, and 3C-BaRuO3 undergo severe
urface reconstruction and evolve into complexmultiphase struc-
ures that have been partially investigated, we focus our DFT
nalysis on AC-6H to highlight its intrinsic catalytic mechanism.

nterfacial differential charge density mapping reveals pro-
ounced electronic redistribution across the RuxOy/6H junction
Figure 5b), consistent with strong coupling. Planar-averaged
harge density profiles, together with Bader analysis confirm net
lectron transfer from 6H to RuxOy regions (Figure 5c), indicating
nhanced electronic delocalization across the interface. The
ader analysis further identifies a continuous charge gradient
xtending from the 6H region through the interface into the
morphous RuxOy domains (Figure 5d). Ru atoms in the RuxOy
egion exhibit the most pronounced charge loss (−1.62), while
hose at the interface and in the 6H region show progressively
maller losses (−1.35 and −1.28), confirming electron depletion
t Ru sites within the reconstructed layer and charge migration
hrough bridging O atoms. Oxygen species in RuxOy display the
ighest effective oxidation state (+1.02), followed by O at the
dvanced Functional Materials, 2026
interface (+0.89) and O in 6H (+0.80), further supporting that
amorphous RuxOy serves as a highly effective electron reservoir
that facilitates interfacial charge transfer during catalysis [40].
Recently, strong electronic coupling has been demonstrated at
similar Ru/BaRuO3 and RuO2/BaRuO3 heterointerfaces, where
BaRuO3 acts as an electron reservoir to establish a stable built-
in electric field, in good agreement with our findings [22, 41]. In
other words, Ru and O in the catalytic RuxOy region undergo
the greatest degree of charge transfer, which likely promotes
stronger orbital hybridization. In AC-6H, the Ru–Ru (4f–4f)
bond length is 2.46 Å, slightly contracted relative to 6H prime
(2.55 Å), indicating compressive lattice strain induced by RuxOy
incorporation. Meanwhile, the Ru–Ru (4f–2a) distance in AC-6H
decreases to 4.02 from 4.07 Å in 6H′, and the Ru2a─O─Ru4f bond
angle likewise drops from 178.8◦ to 168.2◦, a trend that correlates
with strengthened orbital overlap and the formation of long-
range, delocalized conduction channels in these triple perovskite
structures.

Building on these structural features, the calculated density of
states (DOS) indicates an increase in electronic states near the
Fermi level following interface formation, suggesting improved
conductivity that accelerates charge transfer and enhances HER
performance (Figure 5e,f). In AC-6H, stronger hybridization
between Ru 4d and O 2p orbitals near the Fermi level (EF)
leads to more efficient 4d–2p electronic interactions, in agree-
ment with Bader analysis, which facilitates faster interfacial
charge transport. The adsorption of H* on Ru and O sites
was probed using crystal orbital Hamilton population (COHP)
analysis (Figure 5g,h), revealing the bonding and antibonding
characteristics of Ru–H interactions. The electronic structure at
specific sites, including the Ru 4d-band and O 2p-band, was
analyzed using the projected density of states (Figure 5i). The Ru
d-band center in AC-6H is located at−1.77 eV, slightly higher than
in 6H′ (−1.82 eV), indicating a moderately stronger interaction
with HER intermediates. Meanwhile, the O p-band broadens and
contributes more to the hybridized states near EF, with its center
shifted away from EF. These modifications indicate reinforced
Ru–O coupling and orbital overlap, which adjust the adsorption
energetics of intermediates and promote more efficient charge
transfer at the interface. Quantitative analysis using integrated
COHP (ICOHP) values shows that Ru–H andO–H interactions in
AC-6H reach−1.16 and−3.97 eV, respectively, bothmore negative
than in 6H′ (−0.71 and −3.77 eV) in Figure 5j. This reflects
intrinsically stronger bonding and enhanced orbital overlap at
the Ru and O active sites. The particularly more negative O–H
ICOHP is likely due to vacancy-induced electronic unsaturation,
which increases the H affinity of O sites, stabilizes adsorbed
intermediates, and facilitates proton–electron transfer during
HER [42]. These electronic features therefore directly link the
reconstructed interface to improved catalytic behavior.

Previous Tafel slope analysis confirms that the AC-6H system
follows a Volmer–Tafel mechanism in alkaline media. In this
environment, the HER proceeds via two key steps: water disso-
ciation and the formation of adsorbed hydrogen intermediates
(H2O + e− + * → H* + OH−), followed by hydrogen evolution
(H* + e− → 1/2 H2). Accordingly, highly active alkaline HER
electrocatalysts must combine a low H2O dissociation barrier
with a moderate H binding energy, as rapid water dissocia-
tion is a prerequisite for efficient hydrogen evolution [43, 44].
9 of 12
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FIGURE 5 DFT analysts for catalytic mechanism. (a) RuxOy/Ba1-δRuO3-δ (AC-6H) DFT models (b) The differential charge density distributions
for AC-6H. Yellow and cyan regions indicate electron accumulation and electron depletion, respectively. (c) The corresponding planar-average charge
density plot. (d) Computed Bader charges of Ru and O atoms for RuxOy, interface, and 6H regions. (e,f) The total DOS and projected DOS of Ba 4d,
Ru 4d, and O 2p for AC-6H and 6H′. (g,h) The COHP for Ru–H* and O–H* of AC-6H and 6H′. (i,j) The schematic diagram of d-band center, p-band
center, and COHP for AC-6H and 6H′. (k) The proposed HER mechanism for H2O dissociation. The red box (top) represents AC-6H, and the black box
(bottom) represents 6H′. (l) HER Gibbs free energy diagrams for H2O dissociation. (m) The proposed HERmechanism for H* adsorption. (n) The Gibbs
free energy diagrams for HER.
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emarkably, within the Ru-localized coordination environment
n the RuxOy surface (Figure 5k, top), water dissociation occurs
ia an essentially barrier-free pathway (Figure 5l). During this
rocess, water molecules are adsorbed on Ru sites, generating
H* intermediates while the liberatedH* species are stabilized at
djacent O sites (Figure S31). A similarmechanism is observed on
H′ (Figure 5k, bottom). The computed H2O adsorption energies
orAC-6Hand 6H′ are−0.22 and−0.21 eV, respectively, indicating
ubstantially stronger water binding on AC-6H. In addition,
0 of 12
the water dissociation energy barrier on AC-6H is −1.16 eV,
lower than that of 6H′ (−0.91 eV), suggesting spontaneous
reaction progression. Notably, upon water adsorption onto the
Ru active sites, the H–O–H angle in AC-6H increases markedly
from 105.9◦ to 106.3◦, indicating a facilitated activation of water
molecules compared to that in 6H′. The adsorption free energy
of hydrogen intermediates (ΔGH*) serves as a key descriptor of
HER activity. Calculations for AC-6H (Figure 5m,n; Figure S32)
show ΔG values of 0.290 eV at O site1, −0.140 eV at O site2,
Advanced Functional Materials, 2026
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.003 V at O site3, and 0.058 eV at Ru site1, whereas in 6H′,
GH* at O site4 (−0.92 eV), O site5 (−0.16 eV), and Ru site2
−0.22 eV) indicates less favorable adsorption. Catalysts with
ositive ΔGH* bind H* too weakly, whereas excessively negative
GH* hinders H2 release; the ideal value is close to zero. These
esults demonstrate that AC-6H provides energetically favorable
ydrogen adsorption, with H* desorption primarily occurring
t O sites rather than Ru sites. Overall, AC-6H exhibits lower
dsorption/desorption barriers compared with 6H′, supporting
uperior HER kinetics. Collectively, these findings reveal that
C-6H combines facile water dissociation with optimized hydro-
en adsorption/desorption energetics, which together promote
fficient HER in alkaline media [45].

Conclusion

n summary, this work demonstrates that tailoring the con-
ectivity of RuO6 octahedra provides an effective strategy for
egulating structural reconstruction and enhancing alkalineHER
erformance in BaRuO3 perovskites. By precisely tuning the
alance between corner- and face-sharing units, the 6H phase is
dentified as the optimal configuration, achieving bulk structural
tability while enabling self-activated surface reconstruction.
he proportion of RuO6 connectivity fundamentally governs
he reconstruction pathway: increased corner-sharing weakens
attice cohesion and accelerates Ba/Ru dissolution with the
ormation of amorphous RuxOy, whereas excessive face-sharing
uppresses reconstruction. Owing to its balanced connectivity,
he 6H phase undergoes moderate, well-regulated reconstruction
hat preserves bulk integrity while generating catalytically active
morphous RuxOy domains. In situ Raman spectroscopy reveals
he rapid formation of surface RuxOy during HER, accompanied
y dynamic intermediate turnover. DFT calculations show that
he reconstructed RuxOy domains drive substantial interfacial
harge redistribution, strengthen Ru–O hybridization, lower the
ater-dissociation barrier, and optimize hydrogen-adsorption
nergetics, collectively enabling fast HER kinetics. Benefiting
rom these synergistic structural and electronic effects, the AC-
H heterostructure achieves an ultralow overpotential of 11 mV
t 10 mA cm−2, a Tafel slope of 27.4 mV dec−1 and excellent
urability exceeding 150 h at 200 mA cm−2 in 1.0 m KOH.
ollectively, this study establishes a mechanistic foundation for
ctahedral-connectivity engineering and positionsHPHT synthe-
is as an enabling strategy for accessing metastable, high-entropy
erovskite architectures, thereby guiding the rational design of
urable, reconstruction-assisted electrocatalysts.
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