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Dynamic adsorption processes of reaction intermediates for alkaline hydrogen evolution (HER) catalysts are still con-
fusing to understand. Here, we report a series of A-site ordered quadruple perovskite ruthenium-based electrocatalysts
ACu3zRuy015 (A = Na, Ca, Nd, and La), with the target sample SrCuzRu40, exhibiting a very low overpotential (46 mV
@10 mA- cm~2) and excellent catalytic stability with little decays after 48-h durability test. Precise tuning A-site cations
can change the average valence state of Cu and Ru, thus the plot of HER activity versus the average Ru valence number
shows a volcano-type relationship. Density functional theory indicates that the Ru 4d orbitals of SrCuzRu4O1, possesses
the most suitable d-band center position among the five samples, which might be the key parameter to determine the cat-
alytic performance. Our work provides further insight into the discovering advanced, efficient hydrogen evolution catalysts

through designing precise descriptor.

Keywords: Ru-based electrocatalyst, density functional theory, descriptor, quadruple perovskites, hydrogen

evolution reaction
PACS: 81.05.Zx, 81.16.Hc, 88.30.em, 82.20.—w

1. Introduction

Globally, hydrogen energy constitutes a fundamental ele-
ment in achieving net-zero emissions and developing a future
sustainable growth strategy.!!=3! To product low-cost green hy-
drogen, water electrolysis offers a pivotal role in the advance-
ment of sustainable energy systems. The alkaline hydrogen
evolution reaction (HER) serves to mitigate corrosion and dis-
solution challenges in acidic media, with pure hydrogen gen-
eration exceeding 99.7%.*3 This process presents enhanced
prospects for industrial-scale applications. Presently, plat-
inum (Pt)-based materials has been extensively investigated as
the benchmark and capable electrocatalyst for HER; however,
the scarcity and high cost restrict its large-scale commercial
applications.[®7! Additionally, the intrinsic activity of Pt for
alkaline HER is 1-2 orders of magnitude less effective than
that in the acidic medium owing to insufficient protons for H,
production.!®”! Conversely, ruthenium (Ru), with a hydrogen
bonding strength (~ 65 kcal-mol~!) comparable with Pt, is

10-121 Moreover, Ru

proposed as a promising HER catalyst.!
offers a cost-effective alternative to Pt and demonstrates supe-
rior efficiency in facilitating water dissociation, and exhibits

exceptional performance in chemisorption of intermediate hy-
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13,141 Hence, the development of effective Ru-

droxyl groups.!
based electrocatalysts is imperative to accelerate HER process
and ensure the commercial viability of future electrochemical
conversion technologies for large-scale hydrogen production.

Precise design over the adsorption capacity of Ru-based
electrocatalysts, including the dynamic adjustment of interac-
tions with intermediates, is vital for targeting electrochemi-
cal reactions.!! Thus, it is crucial to identify suitable single-
phase compound platforms that can incorporate multiple el-
ements while maintaining robust crystal stability.['617] This
ensures effective optimization of surface electronic properties
and minimizes interference from dynamic surface reconstruc-
tion. Extensive efforts, including crystal and electronic struc-
ture modification, are being employed for the strategic design
and precise fabrication of Ru-based single-phase catalysts.
Perovskites are interesting materials with intriguing properties
for exploring diverse ground-state properties and green chem-
istry applications. In the pure-phase perovskite oxide fam-
ily (unit perovskites ABO3, layered perovskites A;BOg4, dou-
ble perovskites A, BB’ O, triple perovskites A,A’B,B'Og, and
quadruple perovskites AA;B4015), the notable compositional
diversity offers substantial advantages for the precise tun-
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18211 For instance,

ing of Ru-based electronic configurations.!
the layered Ruddlesden—Popper (RP)-type SroRuO4 demon-
strates exceptional HER electrocatalytic activity (61 mV at
10 mA-cm~?), attributed to the synergistic effect of effi-
cient water dissociation in the SrO layer and favorable hydro-
gen adsorption and evolution at the apical oxygen sites.[*!
Dai et al. have developed an efficient HER electrocatalyst
StTip7Rup305_g via super-exchange to realize atomic-scale
synergistic active centers between Ti, Ru, and O sites.[?3]
However, conventional ruthenium-based perovskite catalysts
frequently undergo surface reconstruction, including Ru amor-
phization and element aggregation, under high potentials and
repeated cycling, which obstructs the development of highly
stable catalysts. The A-site ordered quadruple perovskite ox-
ide AASRu401, offers a novel strategy for achieving highly
active and stable catalytic performance, achieved by incor-
porating multiple transition metals and tunable Ru-Og octa-
hedra through the careful selection of A-site elements.[?4-26]
Due to the strong covalent bonding of each oxygen atom with
A’ and B ions, the overlap between the 3d and O 2p orbitals
enables charge transfer through orbital hybridization and lo-
cal optimization mechanisms./?’! Recently, the role of A-sites
has been increasingly recognized, as they can serve as im-
portant descriptors that significantly influence structural and
thermodynamic factors to regulate active sites. 28
precise A-site controlling in quadruple perovskites to enhance
the charge adsorption capability of Ru active sites for inter-
mediates, and thereby achieve higher alkaline HER activity,
remains an area that needs further investigation.

Descriptors are essential in the design of electrocatalysts,
as they offer invaluable insights for the meticulous develop-
ment of catalysts and minimize costs associated with trial-and-
error approaches. In recent decades, there has been a grow-
ing emphasis on the exploration of more universal descrip-
tors through electronic and structural characterization.3%-3!]
This approach holds the potential to foster the establishment
of structure—efficacy relationships, thereby informing the pre-
diction of advanced catalysts. Recently, primary descriptors,
including the d-band center and spin-related intrinsic property
descriptors, have been investigated to enhance the understand-
ing of electrocatalytic processes. 3! Notably, the d-band cen-
ter mechanism, regarded as a crucial tool, establishes a con-
nection between the absorption and desorption of reaction in-
termediates and intrinsic activity.33! Nonetheless, integrating
multiple descriptors and identifying the most valuable ones
continue to pose significant challenges.

In this paper, we report a quadruple perovskite oxide
SrCuszRusOq, as a highly catalyst for HER in alkaline so-
lution. Remarkably, this complex perovskite oxide demon-
strates an outstanding overpotential of 46 mV at 10 mA-cm 2
and a low Tafel slope of 56 mV-dec™!. This level of cat-
alytic performance is competitive among the reported for Ru-
based unmodified pure-phase perovskite oxides and compara-
ble to the most active noble metal catalyst Pt/C. Additionally,

1 However,

our SrCuszRu4O1, electrocatalyst demonstrates robust stabil-
ity, maintaining performance up to 48 hours at 10 mA-cm 2
and withstanding 10* cycles without performance degradation.
To investigate the influence of A-site elements on active sites, a
series of ACuzRuz01» (A = Na, Ca, Nd, and La) are fabricated
to investigate the electronic configuration catalyst descriptor.
Density functional theory (DFT) analysis and corresponding
characterization confirm that different A-site elements affect
the shift of the Ru d-band center and O p-band center towards
the Fermi level. Orbital hybridization further refines the elec-
tronic configuration, allowing for precise adjustment of the ad-
sorption strength at Ru sites, which enhances catalytic activity
and improves HER performance. The stable platform and as-
sociated multi-integratable parameters present a valuable op-
portunity to explore descriptor issues in greater depth. Our
work will provide valuable insight into the A-site element’s
role in tuning the electronic configuration of quadruple per-
ovskites, and will affect a wide range of descriptor design and
energy applications.

2. Experimental details
2.1. Preparation of ACuzRu401;

All samples with different structural entropies were pre-
pared by a modified solid-state method. Firstly, the high-purity
individual elements were weighed according to the nominal
ratio, and then ground to be mixed uniformly. After pressing
them into sheets, they are sintered in a muffle furnace using
950 °C for 48 h (NaCuzRu4015) and 1050 °C for 48 h (other
samples). It is important to note that after the sintering pro-
cess, all samples will undergo further grinding and pressing to
form sheets, which will then undergo additional sintering for
several cycles to make the phase as pure as possible.

2.2. Material characterizations

Morphology of the samples was observed on field-
scanning transmission electron microscopy (TEM) images ac-
quired on a JEM-ARM200F transmission electron microscope
operated at 200 kV and scanning transmission electron mi-
croscopy (FE-SEM, S-4800, Japan) equipped with energy dis-
persion spectra (EDS) and elemental mapping. Powder XRD
patterns were acquired at room temperature, using an Xx-ray
diffractometer (D/max 2500 V) attached with Cu Ko radia-
tion at an operating voltage and current of about 40 kV and
150 mA, respectively. Rietveld refinements for XRD were
conducted to obtain detailed structural and compositional in-
formation using GSAS (II) software. The element contents in
the catalysts were determined by inductively coupled plasma
optical emission spectrometer (ICP-OES) on a Agilent 5110.
XPS measurements were obtained using an x-ray photoelec-
tron spectrometer (Escalab 250X1) equipped with an Al K¢ ra-
diation source (1487.6 eV) and a hemispherical analyzer with
a pass energy of 30.0 eV and an energy step size of 0.05 eV.
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The binding energy of the C 1s peak at 284.8 eV was consid-
ered as an internal reference.

2.3. Material characterizations

For the preparation of catalyst ink, all catalyst powders
were dispersed into a mixture solution (200 pl of ethanol,
800 pl of ultrapure water), respectively. The catalyst was
ultrasonically dispersed in ink. The obtained catalyst inks
were uniformly loaded onto freshly carbon paper electrodes
(0.5 mmx0.5 mm) to form the work electrode. The amount
of deposited catalyst was calculated to be ~ 250 pg and
the loading on the working electrode was controlled to be

1 mg-cm™2.

The HER performance of these samples was
characterized in a CHI 760 potentiostat with a three-electrode
system in 1.0 M KOH. All polarization curves were col-
lected at a scan rate of 5 mV-s~! and calibrated to the re-
versible hydrogen electrode according to the following equa-
tion: ERyg = EHg/HgO +0.098 +-0.059 x pH. An IR compen-
sation level of 90% based on the electrochemical impedance
spectroscopy. ECSA analysis was used CVs taken at vari-
ous scan rates (10 mV-s~1-=100 mV-s~!) were collected and
used to extract the double-layer capacitance. The EIS mea-
surements for HER were performed at a 100-mV overpoten-
tial under the influence of an alternating current (ac) voltage
of 50 mV from 100 kHz to 0.1 Hz. In addition, accelerated
durability tests (ADT) were carried out at the voltage range
of 0 V to —0.25 V (versus RHE) for 10* cyclic voltamme-
try cycles with a scan rate of 100 mV-s~! in 1.0 M KOH.
Chronopotentiometric tests at the continuous current density

of 10 mA-cm~2 for HER were conducted to explore the stabil-
ity of the electrocatalysts.

2.4. Computational methods

The density functional theory calculations presented in
this paper were conducted using the Vienna ab-initio simula-
tion package (VASP) software, developed at the University of
Vienna. VASP employs the Perdew—Burke—Ernzerhof (PBE-
GGA) scheme to calculate correlation potentials through the
use of PBE functionals within the generalized gradient ap-
proximation (GGA). All calculations were performed using a
plane-wave truncation energy of 600 eV, K-spaces was sam-
pled using a 6 x 6 x 6 grid, the energy convergence criterion
was set to 1079 eV, and the force was converged to less than
0.05 eV/A for each ion, without consideration of van der Waals
forces.

3. Results and discussion
3.1. Theoretical prediction

To investigate the influence of A-sites element on the
intrinsic activity of ACuzRusO;> (A = Na, Ca, Sr, Nd, and
La), we firstly perform DFT calculations to identify the pos-
sible chemical configuration and evaluate the projected den-
sity of states (PDOS). Five atomic configurations [Fig. 1(a)]
with analogous crystal structures are optimized and vali-
dated with reference to prior experimental and theoretical
investigations.**3% The total PDOS of all quadruple per-
ovskite oxides exhibits a crossing of the Fermi level, indicative
of a typical metallic behavior [Fig. 1(b)].

(b) NaCuzRu 012

%

SrCuzRu 019

Total

NdCuzRusO9

DOS (state/eV)

LaCu3zRu 012
—8 —6 —4 —2 0 2 4
Energy (eV)

(C) NaCuzRu 012

Ru 4d

; O 2p

NaCuzRusO12 T eV

CaCu3zRu 01y

MMMM

—~ 1.33 6V 9 CaCuszRuyOq2 :
—1l.33 eV —2.84 eV

i . N_M)hr\‘\ % — ,,_,,_,N\A
g | SrCusRuiOu | < | srCusRu,01s E
= —1.36 eV 3 —3.28 eV |
+ 7] .28 eV |
n T
8 NdCuzRusO;2 162 eV 3 NdCusRusO12 i

@) —3.82eV ..

A L e, Onsan ol
LaCu3RusO12 ' LaCusRuyO12
—1.75 eV p —3.84 eV f

-8 —6 —4 -2 0 2 4
Energy (eV)

-8 —6 —4 -2 0 2 4
Energy (eV)

Fig. 1. (a) The model of DFT calculation of ACuzRu401, (A = Na, Ca, Sr, Nd, and La), (b) the total DOS, (c) the PDOS of Ru 4d. (d) The PDOS of O 2p.
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This behavior contributes to the intrinsic catalytic activ-
ity of these materials, which is a consequence of their high
electrical conductivity.*®! The d-band center and p-band cen-
ter of electrocatalysts are closely related to the electrocatalytic
activity, which can present the hybridization level.?”]

As shown in Fig. 1(c), the DOS of Ru 4d-band shifts
toward the Fermi level from LaCu3;Rus0;,, NdCu3zRu40q2,
SrCuzRuy 013, CaCuzRugO1,, and NaCuzRuy 017, indiacating
the increase of adsorption strength for Ru. Also, the trend of O
p-band center exhibits a similar phenomenon, which gradually
increases toward the Fermi level in the sequence of the above
samples in Fig. 1(d). Similarly, the PDOS of Cu [see Fig. S1 in
supporting information] contributes to the metallic properties,
and a reasonable charge accumulation at the Fermi level would
provide a linear control relationship for the catalytic process.
The Ru 4d, Cu 3d, and O 2p orbitals devote the main electrons
to realize suitable 4d—3d-2p orbital hybridization, which may
optimize the binding energies of water and hydroxyl groups
intermediates during HER. In conclusion, the theoretical cal-
culations demonstrate that it is a viable strategy to enhance the
HER activity of ruthenium-based quadruple perovskite though
incorporating A-site elements. Moreover, a comprehensive un-
derstanding of the relationship between electronic configura-
tions and their key effects on intermediates will be beneficial
for establishing a robust descriptor platform.

3.2. Structural characterization

The process delineating the preparation of a series of
ACu3Ru401,2 (A = Na, Ca, Sr, Nd, and La) materials has been

depicted in supporting information. Initially, x-ray diffrac-
tion (XRD) was utilized to confirm the phase structure. All
samples crystallize into A-site-ordered quadruple perovskite-
type structures, mainly belong to the cubic space group Im-3
(No. 204) in Fig. 2(a). Notwithstanding the inevitable pres-
ence of minute quantities of impurity phases (RuO,, StRuO3,
CaRuO3), the principal phase of the sample can still be
deemed to be essentially pure. All impurity phase ratios for
ACuzRuy01; are less than 5% by XRD refinement results
(seeing below). The crystal structure can be conceptualized
as a 2 x 2 x 2 superlattice of ABO3 (simple cubic perovskite).
In the target sample SrCusRu40j5, the distribution of Sr and
Cu is orderly and exhibits a 1:3 ratio at the A site. Furthermore,
the RuOg octahedra arrange regularly along with the distribu-
tion of corner-sharing at B-sites. Rietveld refinement of the
XRD pattern reveals that SrCuzRus4O1, possesses a main cu-
bic phase with a little impurity cubic phase for StRuOj3 in
Fig. 2(b). On the base of Rietveld refinements on diffraction
data, the lattice parameter a and Ru—O bond length are deter-
mined to be 7.44878(3) A and 1.9796(9) A, which agrees with
the reported values. Interestingly, the Ru—O bond lengths are
regularly aligned in all samples [Fig. 2(c)], exhibiting a pat-
tern that aligns with the distribution of the values of the Ru
4d-band and O 2p-band centers in the electronic density of
states analysis. The crystal structure parameters and fitting re-
sults obtained for all samples based on XRD refinement can
be seen in the Fig. S2 and Table S1, which is consistent with
the calculated results (Table S2).

(a) (b) SrCu,Ru,0,, x Observa?ion — (c) 1.9935(0) 1.9901(6)
0 @ x Calculation i 1.99+
.‘é 1 CaCu;Ru 0, = — Difference =
i I A =] - -
=} 7 .9796(¢
. l SrCu;Ru,0, s I SrCu;Ru, 0,y éo 1.98 1.9791(6) 1 60)
S \ T S =
| <
g | NacuRuOn E SrRuO; =
~ I ] ~ =]
> 1.971
£ 1 LaCquu4012| z 2 1.9648(2)
n \ B X -
g s g PDE#41-0821 & R R e
= § v’l - g IR e '_|_’ 1.964
= | | RuO: PDE#S-1027 = \ z
L N I
10 20 30 40 50 60 70 80 20 40 60 80 100 120 Nacy, #, CiCu . iy Ny, R Lagy p
260 (%) 20 (%) %0, 70, T 0, TR0 VTG,

(d)

(0-13) (0-31)

. ® ©
(022)

O)

12 2
()
— Sr — Ru

Fig. 2. (a) The XRD patterns of ACu3Rus01; (A = Na, Ca, Sr, Nd, and La), (b) XRD pattern collected at room temperature and the corresponding Rietveld
refinement results for SrCuzRu4017, (c) the Ru—O bond length of ACuzRus012 (A = Na, Ca, Sr, Nd, and La) through refinement results, (d) TEM image
of SrCuzRuy01; (scale bar: 500 nm), (¢) HR-TEM image of SrCuszRusO1; (scale bar: 5 nm, and scale bar in inset image: 2 nm), (f) SAED image of
SrCuszRus 05 (scale bar: 5 nm™1), (g) elemental distribution maps of SrCuzRusOj; (scale bar: 250 nm).

The SrCu3Ru4Op, exhibits a block structure at aver-
age size of 1 um-10 um as a typical perovskite morphol-

ogy. High-resolution transmission electron microscopy (HR-

TEM) image reveals fringes with a spacing of 2.63 A, which
corresponds to the (220) plane. The good crystallinity and
phase structure are further confirmed by selected area elec-
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tron diffraction (SAED) pattern in Fig. 2(e), align well with
the XRD data. The elemental mapping at low and high magni-
fication demonstrates that the spatial distribution of elements
including Sr, Cu, Ru, and O, is consistent with the expected
molar ratio. Other quadruple perovskite materials has been
found to exhibit similar characterization, thereby confirming
the results of previous studies indicating their synthetic ho-
mogeneity and morphological consistency [Fig. S3]. In con-
clusion, ACuzRu4O1, family represents an ideal research plat-
form that offers the possibility of modulation of HER catalytic
properties.

3.3. Electrochemical performance

Inspired by the distinctive crystal and electronic configu-
ration properties of ACuzRu4O1, family, we evaluated its HER
electrocatalytic performance. To facilitate comparison, we test
the ACu3Ru401, (A = Na, Ca, Sr, Nd, and La) oxides, which
possess similar crystal structures in an alkaline medium using
a three-electrode configuration in an Ar-saturated 1-M KOH
solution. All sample electrochemical properties and parame-
ters are seen in Table S3. The linear sweep voltammetry (LSV)
polarization curves for various perovskite electrocatalysts on
carbon paper are depicted in Fig. 3(a).
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Fig. 3. Electrochemical HER properties of the catalysts: (a) LSV curves, (b) corresponding Tafel slopes, (c) Nyquist plots of EIS, (d) Cq extracted from the
CV plots, (e) ADT test, (f) chronopotentiometry (VT) of SrCuzRusOj, at 10 mA-cm ™2, (g) overpotentials at the current density of 10 mA-cm~2 and the
Tafel plots of SrCuzRu401, and other recently reported high performance HER catalysts.

the
ACu3RuyOj, family and loading it onto carbon paper
to enhance electron transfer and distribute the quadru-
ple perovskite oxides, the carbon materials demonstrate
negligible HER activity. The overpotentials required for

NaCU3RU4012, CaCu3Ru4012, SI‘CU3RU4012, NdCU3RU4012,
2

Despite incorporating carbon powder into

and LaCuzRu4O1; to achieve a current density of 10 mA-cm™
are 46 mV, 74 mV, 75 mV, 94 mV, and 114 mV, respec-
tively. It is noteworthy that SrCuzRu4O1, performs compa-
rably to commercial Pt/C benchmarks at low current den-
sities (< 10 mA-cm~2), but underperforms relative to Pt/C
at higher current densities due to inadequate proton trans-

fer capability. The Tafel slopes are measured to investigate
the catalytic activity of these catalysts in alkaline HER. With
a Tafel slope of 56 mV-dec™!, the champion SrCuzRusO1;
exhibits the lowest overpotential among the perovskites in
Fig. 3(b). This enhanced activity is likely attributed to the
synergistic effects between the A-site elements and the Ru
active sites. Electrochemical impedance spectroscopy (ELS)
was conducted to elucidate the effects of electrical conduc-
tivity and investigate the electrode kinetics during the HER

[38] Nyquist plots were recorded at an overpotential

process.
of 100 mV, where a smaller compressed semicircle signifies

lower charge transfer resistance during HER. The resistance

128101-5


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad8074
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad8074

Chin. Phys. B 33, 128101 (2024)

(Rs), charge transfer resistance (R.;), and low-frequency re-
sistance (R;) are detailed in the inset figure. The EIS data
confirm that the SrCusRu4O1, quadruple perovskite electro-
catalyst exhibits exceptional charge transport performance and
reduced resistance, demonstrating superior catalytic activity in
the HER process, consistent with the LSV results in Fig. 3(c).
To determine the number of active sites on the catalyst, the
HER current density derived from electrochemical double-
layer capacitance measurements was used [Fig. S4], with the
current density normalized to the electrochemically active sur-
face area (ECSA).?”! The advantages of the synergistic A-site
and Ru sites are further evidenced by the larger double-layer
capacitances (Cyqp) at 10.4 mF/cm? observed in SrCuzRusO1
in Fig. 3(d).

Beyond the activity previously discussed, the stability of
the electrocatalyst is a pivotal factor in assessing its practical
value. After 10* CV cycles, the optimal SrCuzRusO1; cata-
lyst exhibits only slight degradation in HER performance in
Fig. 3(e). For further comparison, additional testing of the
remaining chalcogenide samples is shown in Fig. S5 and Ta-
ble S4. Moreover, in the durability evaluation via chronopo-
tentiometry (VT) test, SrCuz3RusO1, maintained stable opera-
tion for over 48 hours at a current density of 10 mA-cm~2 in

1 M KOH in Fig. 3(f). Interestingly, the crystal structure of
the SrCuszRu4O1, electrocatalyst remains well-preserved, as
evidenced by the XRD patterns in Fig. S6. Additionally, the
HR-TEM image obtained after the VT test shows high crys-
tallinity similar to that observed before the reaction in Fig. S7,
confirming the stability of the crystal structure. Moreover, a
quantitative comparison with the literature indicates that the
SrCuzRuy 015 electrocatalyst exhibits notably smaller overpo-
tentials and Tafel slopes compared to the perovskite materials
in Fig. 3(g) and Table S5.

3.4. Electron configuration and valence states analysis

During catalytic process, the surface layer of the sample
furnishes a wealth of active sites that enhance the adsorption
of reaction intermediates. To elucidate the surface catalytic
mechanism related to charge configuration and valence trans-
fer, x-ray photoelectron spectroscopy (XPS) was employed in
Fig. 4. The survey spectrum of ACuzRu4O;; family predom-
inantly features peaks corresponding to Na 1Is, Ca 2p, Sr 3d,
Nd 3d, La 3d, Cu 2p, Ru 3d, and O 1s, indicating the presence
of these elements in the synthesized samples, as depicted in

Fig. 4(a).
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Fig. 4. The XPS spectrum of A’CuzRus015 (A = Na, Ca, Sr, Nd, and La): (a) survey spectrum, (b) the Ru 3p, (c) the Cu 2p, (d) the average

valence state of Ru and Cu.

Figure 4(b) illustrates the XPS spectra for the Ru 3p re-
gion of ACusRusO;» (A = Na, Ca, Sr, Nd, and La). The
original spectra were deconvoluted into multiple peaks us-
ing Gauss—Lorentz functions. The fitted peak positions at ap-
proximately 462.3 eV and 464.3 eV correspond to Ru** and

Ru®*, respectively,*?) with two satellite peaks: Ru** sat. and

Ru®* sat., observed at approximately 465.3 eV and 468 eV.
The estimated average valence states of the Ru element in
A’Cu3Ru4015 (A =Na, Ca, Sr, Nd, and La) are +4.72, +4.61,
+4.52, +4.48, and +4.41, respectively. Figure 4(c) presents
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the XPS core-level spectra of Cu 3d, which have been de-
convoluted into four peaks centered at ~ 931.8 eV (Cu?h),
~934.0eV (Cu't), ~941.1 eV (Cu?* sat.1), and ~ 943.2 eV
(Cu®* sat.2), respectively.[*#!l By comparing the fitted ar-
eas, the average valence of Cu in A’CuzRu401; (A = Na, Ca,
Sr, Nd, and La) is +1.84, +1.83, +1.82, +1.71, and +1.67,
respectively. Given that Na is typically monovalent, Ca and
Sr are generally divalent, and Nd and La are commonly triva-
lent, it is notable that the average valence distributions of Ru
and Cu exhibit a negative linear relationship with the valence
distribution of the A-site ion, as shown in Fig. 4(d). Charge
transport within the Ru—O octahedra is facilitated by the over-
lapping electron cloud interactions at the A-site and oxygen
site. This reflects a charge transfer and a shift in the valence of
the Cu and Ru elements across the oxygen bridge, driven by
changes in the electronegativity of the A-site ions.

3.5. HER enhancement mechanism and electronic config-
uration descriptor

In the subsequent phase, we examine the band center of
Ru 4d and O 2p, the value of Ru and Cu and the Ru—O bond

O 2p-band center

length to elucidate their relationship with the hydrogen evolu-
tion reaction (HER) activity and stability within our quadru-
ple perovskite series A’CuzRusO12 (A = Na, Ca, Sr, Nd, and
La). The overpotential at 100 mA-cm~2 for each sample pro-
vides a measure of intrinsic catalytic activity, while the poten-
tial decay following 10*-CV cycles serves as an indicator of
catalytic stability. Given that the tunability of the d-band cen-
ter is considered a fundamental property that can modulate the
hydrogen evolution reaction (HER) intermediate H* adsorp-
tion capacity, it is recognized as a valid descriptor. Wang et
al. manipulated the d-band center position and established a
linear relationship between the d-band center and AGy+, elu-
cidating the adsorption sites for H* on Ni-M alloys.!*?! We
find the band center between Ru 4d and O 2p can be rationally
with correlated with the intrinsic HER activity and the valence
state factor of Ru and Cu can be similarly applicable to guide
the quadruple perovskite activity in Figs. 5(a) and 5(b).
Additionally, the Ru—O band length, which can roughly
represent the Ru—O bond energy, with overpotential shows an
approximate volcano diagram shape in Fig. 5(c). This suggests

O 2p-band center

d
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Fig. 5. Correlation with intrinsic HER activity and stability. HER activity trends of overpotential at 100 mA-cm~2 as a function of (a) Ru 4d-band center
and O 2p-band center, (b) the valence state of Ru and Cu, and (c) the Ru-O bond length for quadruple perovskite family. Attenuation rate after 10* CVs at
100 mA-cm~2 as a function of (d) Ru 4d-band center and O 2p-band center, (e) the valence state of Ru and Cu, and (f) the Ru—O bond length for quadruple

perovskite family.
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that the electronegativity and valence differences of the A-site
elements resulted in altering the Ru electronic structure within
the system upon introduction. This modest 4d—3d-2p orbital
hybridization among Ru, Cu, and O elements activates the
electron transfer.[*3! The optimization of electron density oc-
cupation state is also shown to be a significant contributor to
the electron reflux between Ru and Cu. The optimized ruthe-
nium sites exhibit moderate adsorption and dissociation of in-
termediates, which likely accounts for the strongest intrinsic
catalytic activity.

In prior studies, the stability of catalytic materials has
rarely been associated with descriptors due to complexities
of diverse catalytic reactions and intricate mechanisms gov-
erning surface proton-electron transfer.[*#! Interestingly, elec-
trochemical stability gradually decreases as the band-center
moves away from the Fermi level in Fig. 5(d). Similarly, a
significant negative correlation is shown with Ru valence and
Cu valence and stability in Fig. 5(e). This is also reflected
in the relationship between the length of the Ru—-O bond and
the decay ratio in Fig. 5(f). This may be attributed to the
charge accumulation and valence decrease of the active site
Ru, which could render it more susceptible to reduction ef-
fects and surface remodeling under reducing potentials. Such
changes might disrupt the crystal structure and compromise
catalytic performance.*>! The construction of volcano dia-
grams and the establishment of inverse linear relationships re-
garding the quadruple perovskite family provide a framework,
for understanding how Ru-based systems can optimize orbital
hybridization and electronic structure modulation to enhance
activity and stability. It also provides valuable datasets of
catalytic parameters for investigating descriptors using large
models such as machine learning (ML) and artificial intelli-
gence (Al).

Following the above guidance program, we propose pos-
sible HER mechanism. When we assume that the local crystal
structures of target sample SrCuzRusOq, are reacted on the
surface at a certain level, the possible HER routes are shown
in Fig. 6. Through judge the Tafel slope in SrCuzRusO>
(56 mV/dec), we believe that the rate-determining step (RDS)
of HER can be evaluated as Volmer-Heyrovsky path. Sub-
sequent to the Volmer step for water dissociation, the OH™
ions that are generated must undergo desorption from the cat-
alyst surface to facilitate the regeneration of the active sites in
Figs. 6(I)—6(ID).[*~*8! Simultaneously, the H* species are si-
multaneously adsorbed onto the active sites, where they are
subsequently recombined with H; in Fig. 6(IV). Ru-based
quatrle perovskite offer localized proton reservoir to enhance
actibity to dissociative complexation with water nolecules.
Moreover, the unique structure including frakework between
square-planar CuO4 and heavy tilting RuOg octahedra make
sure the stable platform to HER process.

A °"

=4 Ru \‘\\__ ’K(
ol 4.0 {Cyo ﬁ‘o {Cuo(
LR85 o NS S e
A x:g/ 0

ER

(IV),-( i >.\, _: A i\ .
e P g 0 4
o Cu | o Cu

»g}\, N

\“l’/ 70

Fig. 6. The HER catalytic mechanism schematic diagram. The orange
octahedra represent RuOg. The red area represents the reaction sites.

4. Conclusion

In conclusion, we developed the quadruple perovskite iri-
date oxide SrCuzRu4O1; as a superior OER catalyst with high
activity and excellent stability for alkaline water oxidation.
At density of 10 mA-cm~2, the catalyst presented a ultralow
overpotential of 46 mV and a low Tafel slope of 56 mV/dec.
In addition, much better durability, up to 10* CVs and 48 h,
was also exhibited by this Ru-based compound. We show-
case the descriptor of Ru location electron environment via
d-band center, valence state, and Ru—O bond length, to effi-
ciently screen high-performance perovskites synthesized for
alkaline HER. Combined XPS and DFT studies demonstrate
that the with the change in electronegativity of the A-site el-
ement, 4d-3d-2p orbital hybridization has taken place and
induced super-exchange interaction to the exchange of elec-
trons between the Ru and Cu elements via an oxygen bridge.
A moderate Ru-site electronic configuration would facilitate
the adsorption and subsequent dissociation of the intermedi-
ate; while suilable framework of between square-planar CuO4
and tilting RuOg octahedra maintains the crystal structure to
enhance the stability during HER. This work not only demon-
strates a new family ACuszRu4O1, oxide as an efficient HER
catalysts, but also proposes a proper modulation strategy from
the perspective of precise descriptor to predict high effient cat-
alyst.
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