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Asymmetric Bond Delta-Polarization at the Interfacial
Se—Ru—O Bridge for Efficient pH-Robust Water Electrolysis

Ya Chen, Yaoda Liu, Lei Li, Thangavel Sakthive, Zhixin Guo, and Zhengfei Dai*

The rationalization of pH-robust catalysis is highly desired but challengeable
for overall water electrolysis (WE). It requests a metal active site that can
make an efficient adaption with both cathodic hydrogen and anodic oxygen
evolution reactions (HER/OER). Herein, a RuO,_ /[RuSe, heterostructure
electrocatalyst is profiled with interfacial Se—Ru—O bridge for the pH-robust
water splitting studies. An asymmetric bond delta-polarization (Ap) is found
at the interfacial Se—Ru—O bridge, including the Ap > 0 at the Ru—O part
and Ap < 0 at the Ru—Se side by both experiment and calculation results. The
enlarged Ru—O bond polarizability (Ap > 0) can in principle trigger the lattice
oxygen mediated (LOM) pathway for OER; meanwhile, the reduced Ru—Se
bond polarizability can benefit the HER due to the strengthened d-p band
hybridization. Resultantly, the heterostructure can deliver ultralow
overpotentials of 25/10 mV for Pt-beyond HER and 210/255 mV for OER at
10 mA cm~2 in acidic/alkaline media, respectively. In especial, the acidic

from Sabatier’s principle, it still necessi-
tates the Ru-based catalysts to a moder-
ate H affinity with near-neutral-adsorption
dynamics (AGy. ~ 0).°) It is indicated
that the introduction of non-metallic ele-
ments (NME, Se, S, etc.) can offer an ef-
fective measure to balance the hydrogen
adsorption/desorption behavior for higher
HER activity.’] The bond polarization be-
tween them will lighten the strong H-Ru
adsorption and induce a Ru/NME dual-
site boosted HER kinetics through the
d/p band center regulation.”] Although the
Ru-compounds currently achieved excellent
properties for HER, the extensive WE uti-
lization is significantly impeded by the slug-
gish anodic multi-step oxygen evolution re-

overall WE can be stably operated for 200 h with a low cell voltage of 1.478 V
at 10 mA cm~2. This research clarifies the asymmetric bond polarization as

the criterion for the rational design of efficient WE catalysts.

1. Introduction

Hydrogen is recognized as a preferential candidate to realize
pollution-free and sustainable energy conversion protocols.!]
Among various techniques, water electrolysis (WE) promises the
ecofriendly manner for hydrogen production, but it should be ki-
netically accelerated by efficient catalysts.[?] For the cathodic hy-
drogen evolution reaction (HER), Pt-group metals (PGMs) are
regarded as the benchmarks due to its high electrocatalytic ac-
tivity and stability.)) Among the PGMs, Ruthenium with lower
price and intense H affinitive capacity (%65 kcal-mol~') has been
deemed as an alternative substitute for Pt benchmark.[*) While
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action (OER).B] Besides, the practical WE
devices appeals for the electrocatalysts that
can tolerate the pH-fluctuation for long-
term operation.’l Hence, there is a press-
ing need for an efficient and pH-robust Ru-
based catalyst capable of accelerating HER
kinetics while also exhibiting OER activity.

For the anode-side OER process, it still remains a bottleneck
limitation in acidic condition due to the severe corrosion issue.!1!
Currently, PGM oxides (e.g., RuO,) have gained ever-increasing
attention for their corrosion-resistive acidic OER properties.[!!]
While in the OER activity promotion, it is always confined by
the Sabatier’s adsorbate evolution mechanism (AEM) with the
scaling relationship limitation.['”) The community has thus pro-
posed an alternative lattice oxygen mediated (LOM) pathway
to overpass this scaling limitation, in which the OER process
can be promoted by direct Oy, .- 'O coupling.3] But this in
turn leads to an excessive oxidation of Ru** sites to acidic-
soluble Rut*+9* species toward a deteriorated OER durability.[1%!
The Ru—O bond modulation should be the fundamental in
the design of stable and active RuO, catalysts.['*l To alleviate
the Ru**>Rul**9* route, it will be feasible to introduce low-
valence Ru < 4+ sites in RuO, to block its direct-oxidation
into soluble Ru**9*. Meanwhile, the presence of low-valence
Ru < 4+ sites will also enlarge the Ru—O bond polarizability
and weaken the lattice oxygen confinement to benefit the LOM
pathway.["®] But for the e™-accepting HER, a reduced Ru-bond po-
larizability is demanded to raise the e™-cloud overlap between
the Ru and non-metal element sites for proton adsorption.!*¢]
Hence, asymmetric bond polarization at the Ru sites is ex-
pected to actively couple the HER and OER for pH-robust water
electrolysis.

© 2024 Wiley-VCH GmbH
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In this study, we have profiled a RuO, , /RuSe, heterostructure
as an effective platform for the pH-robust WE performance and
catalytic mechanism studies. The electronspun RuO,_/RuSe,
nanofibers is featured with the diameter of ca. 100 nm and via-
hole porous structure. It is revealed that the RuO,  /RuSe, het-
erostructure undertakes an asymmetric bond delta-polarization
(Ap) at the formed interfacial Se—Ru—O bridge. The enlarged
Ru—O bond polarizability (Ap > 0) can in principle activate the
lattice oxygen mediated (LOM) pathway for the boosted OER pro-
cess. Meanwhile, the decreased Ru—Se bond polarizability (Ap
< 0) can benefit the HER kinetics due to the enhanced dg,-ps.
band hybridization. As expected, the optimized RuO,_/RuSe,
heterostructure exhibits the efficient HER/OER catalytic activity
and stability in both acidic and alkaline media (25/210 mV in
0.5M H,S0,,10/255mV in 1 M KOH, at 10 mA cm~2). Especially,
the overall WE can be stably delivered for 200 h with ultralow op-
eration cell voltages of 1.478 and 1.496 V to reach 10 mA cm™
in 0.5 M H,SO, and 1 M KOH, respectively. This work opens
up the interesting possibilities for the rational design of effi-
cient bifunctional WE electrocatalysts through bond polarization
engineering.

2. Results and Discussion

2.1. Morphology, Phase, and Surface Chemical State Studies

Figure 1a depicts the synthesis process of hollow carbon
wrapped RuO,,/RuSe, heterostructure (RuO,,/RuSe, @CNF)
by a facile electrospinning/calcination process. The detailed
synthetic procedures are described in the supplementary in-
formation. Figure 1b presents the scanning electron micro-
scope (SEM) image of the as-obtained RuO,,/RuSe, @CNF
with an intact fibrous hollow structure. The Brunauer-Emmett—
Teller (BET) surface area is determined to be 71.40 m? g=!
(Figure S1, Supporting Information).'”] Such a conductive
porous skeleton would merit the active site exposure, electron
transport, and bubble release in the electrochemical catalysis.'8]
The similar morphological features of RuO, /RuSe, @CNF fabri-
cated with different Se source amount are also depicted in Figure
S2 (Supporting Information). The microstructures of the fibrous
RuO, /RuSe, @CNF were characterized by transmission elec-
tron microscopy (TEM, Figure 1c—e; Figure S3, Supporting In-
formation). The well-defined RuO,_ /RuSe, nanoparticles (NPs)
in carbon matrix can not only prevent their detachment and self-
aggregation but also ensure the electronic conductivity.® The av-
erage NP size was determined as ca. #25.4 nm (Figure S4). In the
high-resolution TEM (HRTEM, Figure 1d; Figure S5, Supporting
Information) images, the d-spacing of 0.320 and 0.299 nm can be
respectively indexed as the (110) plane of tetragonal RuO, and
(200) plane of cubic RuSe,.l?"! Corresponding elemental map-
ping image further confirms the uniform distribution of Ru, Se,
C, O, and N elements throughout the fibrous heterostructure
(Figure 1e). The Ru content in the RuO, . /RuSe, @ CNF catalyst
was determined to be ~8.2 wt% (Table S1, Supporting Informa-
tion) by inductively coupled plasma-mass spectrometry (ICP-MS)
test.

X-ray diffraction (XRD) was applied to examine the phase
information of the RuO,/RuSe, @CNF heterostructure and
other control samples (Figure 1f; Figure S6, Supporting In-
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formation). For RuO,,/RuSe, @CNF, the typical XRD peaks
located at 27.96°/35.08°/40.21°/54.27° correspond to the
(110)/(101)/(200)/(211) planes of RuO, (JCPDS No. 43-1027);/2!!
and the peaks at 30.06°, 33.68°, 37.10°, 43.05°, 50.95°, 55.74°,
58.08° can be assigned to the (200), (210), (211), (220), (311),
(230), and (321) planes of RuSe, (JCPDS No. 03-1198).16:22]
In addition, the structures of RuO, @CNF and RuSe, @CNF
were also characterized for reference in Figures S7 and S8
(Supporting Information). All the above results suggest the
successful formation of RuO,,/RuSe, hetero-interfaces in the
porous CNF matrix. The surface states were further checked
by Raman, electron paramagnetic resonance (EPR), and X-
ray photoelectron spectroscopy (XPS). Figure 1g displays the
Raman spectra of RuSe,@CNF, RuO,, /RuSe,@CNF, and
RuO, @CNF. For the RuO, @CNF sample, three distinctive
peaks at 515.3, 631.1, and 693.5 cm™! can be ascribed to the
E,, Ay, and B,, vibration modes of RuO,, respectively.l*"]
Compared to RuO, ,@CNF, the RuO,-B,, peak intensity of
RuO, ,/RuSe, @CNF obviously declined due to the surface sel-
enization. With the oxygen-extracted selenization, more oxygen
vacancies can be found in the RuO,_ /RuSe, @CNF, as reflected
by the slightly increased EPR signal at g = 2.005 (Figure 1h).[1a]
The Fourier transform infrared spectroscopy (FT-IR) in Figure S9
(Supporting Information) shows that the RuO,/RuSe, @CNF
possesses a higher O—H vibration intensity than RuO, ,@CNF
and RuSe,@CNF, indicating better hydrophilicity.?’] Be-
sides, the RuO,, /RuSe, @CNF shows the smallest contract
angle (CA, 11.5°) in comparison with RuO, @CNF and
RuSe, @CNF (Figure S10, Supporting Information), im-
plying the higher hydrophilicity and more efficient water
adsorption.?4]

The chemical states of these samples were further investi-
gated by XPS in Figure 1i-k and Figure S11 (Supporting In-
formation). As depicted in Figure 1i, the high-resolution Ru
3p spectrum of RuO, @CNF exhibits two typical characteris-
tic peaks centered at 463.36 and 485.60 eV, attributed to the Ru
3p,;, and Ru 3p, ), of Ru—O bond in RuO,, respectively.>] Af-
ter selenization treatment, two additional deconvoluted peaks
at 461.60 and 483.87 eV can be assigned to the Ru 3p;,, and
Ru 3p;), of Ru—Se bond in RuSe,, manifesting the formation
of the Se—Ru—O link in the heterostructure.[*] Besides, the Se
3d XPS spectrum for RuO,, /RuSe, @CNF (Figure 1j) splits into
three characteristic peaks, including Se 3ds, (55.37 V), Se 3d,,
(56.21 eV), and SeO, (59.01 eV).1?*) Compared with RuSe, @ CNF,
the Se 3d binding energy of RuO, . /RuSe, @ CNF exhibits an ob-
vious positive-shift about 0.8 eV, indicating the RuSe, - RuO,
electron transfer direction in the heterostructure. This electron
transfer manner can be also reflected by the Ols XPS results in
Figure 1k, where the RuO, ,/RuSe, @ CNF peaks are slightly red-
shifted relative to RuO, , @CNF. Such a selenide-to-oxide interfa-
cial electron transfer behavior can be also understood by their dis-
tinctive Se/O electronegativity difference (Figure S12, Support-
ing Information).””! From the O 1s XPS data, the heterostruc-
ture shows the higher contents of oxygen vacancies (530.06 eV)
and surface hydroxyl group (531.93 €V),[?8] in accordance with
the EPR and FT-IR/CA results. The strong interfacial interac-
tions will tune the whole electronic structure of the heterostruc-
ture, and the enhanced hydrophilicity can benefit the water
adsorption.
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Figure 1. Synthesis scheme and structural characterizations. a) Schematic diagram for the synthesis of RuO,,/RuSe, @CNF. b) SEM image of
RuO,./RuSe, @CNF (inset: cross-section SEM image). c) TEM image, d) HR-TEM image, and e) elemental mapping of RuO,.,/RuSe, @CNF. f) XRD
pattern, g) Raman spectra, and h) EPR spectra of RuO, ,@CNF, RuO,_,/RuSe, @CNF, and RuSe, @CNF. i) Ru 3p, j) Se 3d, and k) O 1s XPS spectra of

RuO,, @CNF, RuO,, /RuSe, @CNF, and RuSe, @CNF.

2.2. Coordination Environment and Bond Polarization

X-ray absorption near-edge structure (XANES) and Fourier-
transformed EXAFS (FT-EXAFS) were further conducted to in-
vestigate the Ru chemical environment of these materials. As
presented in Figure 2a, the white-line of Ru K-edge XANES for

RuO,, /RuSe, @CNF is located between Ru foil and RuO,. It re-
veals that the average Ru oxidation state in the heterostructure
is between Ru® and Ru*+.*! The fitted Ru valence state in the
RuO,, /RuSe, @CNF is of ca. +2.28 between the RuO, ,@CNF
(+3.32) and RuSe,@CNF (+0.85), as shown in Figure 2b.
This also suggests the RuO,, and RuSe, behave the electronic
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Figure 2. EXAFS spectra and analyses. a) Ru K-edge XANES, b) Average oxidation states of Ru from XANES spectra, c) Ru K-edge FT-EXAFS, d) Ru
K-edge EXAFS oscillation function, and e) Wavelet transform for k3-weighted EXAFS signal of RuO,.,@CNF, RuO,,, /RuSe, @CNF, and RuSe, @CNF. f)
The effects of Ru—O bond length/valence on bond polarizability. g) The delta-bond polarizability (Ap) at Se—Ru—O interfacial bridge and its effect on

OER/HER catalysis.

acceptor and donor in the heterostructure, respectively. Figure 2c
presents the corresponding FT-EXAFS spectra of the differ-
ent samples. For the RuO,_/RuSe, @CNF, two scattering peaks
at 1.54 and 2.14 A are ascribable to the Ru—O and Ru—Se
coordination.[®®1%] Relative to the RuO, @CNF, the Ru—O
bond is slightly stretched in RuO,,/RuSe, @CNF heterostruc-
ture (1.48 — 1.54 A), illustrating a stretched Ru—O bond after
RuO,,-RuSe, incorporation. The Ru K-edge oscillation curves
in Figure 2d also indicate the different local atomic arrange-
ments and structural distortion of the Ru sites in the heterostruc-
ture. which is vividly reflected by the wavelet transform EXAFS
(WT-EXAFS) analyses in Figure 2e and Figure S13 (Support-
ing Information). Based on the above XPS and XAFS results,
the strong electronic interactions between RuO,, and RuSe, is
configured via the asymmetric Se—Ru—O interfacial bridge, ac-
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celerating the charge transport from Se sites to Ru-bound O
(Figure 2f).[28]

Moreover, the bond configuration change will impact the inter-
actions between the catalysts and adsorbates to regulate the elec-
trocatalytic properties. According to Coulomb’s law (FexQgq/r?),
the bond strength (F) is highly related to atomic valence charge
(Q, q) and bond length and bond length r (Figure S14, Supporting
Information).*"! Generally, the bond-length stretch and valence
decrease will result in a weaker bond strength, and thus bring an
increased bond polarizability (Ap > 0).[] Here in the Se—Ru—0O
bridge, the Ru—O half edge undergoes the bond stretching and
valence decrease (+3.32 — +2.28) relative to the RuO,,, giv-
ing rise to an increased bond polarizability (Ap > 0); while for
Ru—Se half edge in the bridge, it concludes a decreased bond
polarizability (Ap < 0) against the RuSe,. Therefore, a Janus

© 2024 Wiley-VCH GmbH
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Figure 3. Electrocatalytic HER performances. a) LSV curves, b) Tafel slopes, and c) histogram of 57,y-Tafel slope values of different samples in 0.5 m
H,S0O,. d) LSV curves, e) Tafel plots, and f) of the HER performance comparison of RuO,., /RuSe, @CNF with reported catalysts in 1 m KOH. g) Mass
activities of different catalysts. h) i-t curves of RuO,_ /RuSe, @CNF for HER in acidic and alkaline electrolytes. i) HER LSV curves for RuO,_, /RuSe, @ CNF

after 1000th and 3000th cycles in 1 m KOH.

asymmetric bond polarization occurs at the Se—Ru—O bridge
in the heterostructure (Figure 2g), which might merit the bi-
functional water splitting process as follows: 1) for the Ru—O
bond side with Ap > 0, a higher bond polarizability can allevi-
ate the lattice oxygen confinement to trigger the preferable LOM
pathway and break the OER scaling-relationship limitation; 2) for
the Ru-Se bond side with Ap < 0, the intensified Ru—Se bond
strengthens the d-p band hybridization to balance the H* ad-
sorption/desorption on the catalyst surface to benefit the HER
kinetics.["’]

2.3. Electrocatalytic Properties for Water Splitting

The HER behaviors of different catalysts were studied in both
the acidic and alkaline electrolytes by a standard three-electrode
system, as shown in Figure 3.1 The RuO, ,/RuSe, @ CNF mate-
rial is found with superior HER activity and kinetics with a low
overpotential (77,,) of 25 mV at 10 mA cm~2 (Figure 3a) and a
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small Tafel slope of 32.1 mV dec™! (Figure 3b) in 0.5 M H,SO,.
By contrast (Figure 3c), other control catalysts and even the Pt/C
benchmark all show higher 5, and hysteretic dynamics, such as
RuO, ,@CNF (76.2 mV, 63 mV dec™!), RuSe, @CNF (44.8 mV,
49.4 mV dec™'), commercial Ru/C (84.1 mV, 99.8 mV dec™'), and
Pt/C (33.4 mV, 55.9 mV dec™!). As compared with other precious
metals catalysts, the RuO, . /RuSe, @ CNF material also shows an
outperformed acidic HER properties (Table S2, Supporting Infor-
mation). The electrochemical active surface area (ECSA) of dif-
ferent catalysts are also investigated in Figure S15 (Supporting
Information), demonstrating the higher intrinsic HER activity
of RuO,_/RuSe, @CNF.I5! Besides, electrochemical impedance
spectrometry (EIS) measurements indicate the boosted charge
transport in the RuO, /RuSe, @CNF (Figure S16, Supporting
Information).l?!

Further, the HER activity of each catalyst was also evaluated
in 1 m KOH electrolyte. It is found that the RuO,_ /RuSe, @ CNF
catalyst delivers a Pt-beyond #,, overpotential of 10 mV and low
Tafel slope of 37.6 mV dec™! in 1 m KOH (Figure 3d,e). Such an
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alkaline HER performance is far superior to Ru/C, Pt/C (19.1 mV,
53.7 mV dec™), and other controls (Figure S17, Supporting In-
formation) as well as the state-of-the-art Ru-based HER cata-
lysts (Figure 3f; Table S3, Supporting Information). The ECSA
and EIS results further confirm that the RuO,  /RuSe, @CNF
processes the optimized intrinsic catalytic activity and electron-
transfer characteristics among all the catalysts in alkaline HER
(Figures S18 and S19, Supporting Information). In addition, the
mass activities of RuO,,/RuSe, @CNF in alkaline (Figure 3g)
and acidic (Figure S20, Supporting Information) media were
also calculated. The RuO,_ /RuSe, @CNF catalyst presents Pt-
beyond HER mass activities in both acidic and alkaline media.
The HER stability of the RuO, /RuSe, @CNF were further ex-
plored through i-t tests, as shown in Figure 3h. It clearly displays
that the HER rate activity (20 mA cm™2) can be maintained well
without significant attenuation for 140 h in both 0.5 m H,SO, and
1 m KOH. Figure S21 (Supporting Information) further shows
the stable HER catalytic performance of RuO, . /RuSe, @ CNF un-
der a higher current density of 100 mA cm~2. The post-mortem
SEM, TEM, XRD, and XPS examinations indicate the reten-
tion of RuO,_ /RuSe, @CNF structure under acidic/alkaline HER
conditions (Figures S22—S24, Supporting Information). The pH-
robust HER stability of RuO, , /RuSe, @CNF can be also reflected
by the cycling tests in 1 M KOH (Figure 3i) and 0.5 m H,SO,
(Figure S25, Supporting Information), where the currents after
3000 cycles show negligible decays. The promoted HER prop-
erty can be understood by the decreased Ru—Se bond polarizabil-
ity at the Se—Ru—O bridge with more balanced the H"* adsorp-
tion/desorption.

The OER performance of each catalysts was also evaluated in
both acidic and alkaline media. As presented in Figure 4a,b, the
RuO, ,/RuSe, @CNF catalyst delivers an ultralow 7,, overpoten-
tial of 210 mV with fast kinetics (43.3 mV dec™!) in 0.5 m H,SO,.
As compared in Figure S26a (Supporting Information), the acidic
OER performance of RuO,/RuSe, @CNF is much superior to
RuO, @CNF (245 mV, 65.6 mV dec™?!), RuSe, @CNF (400 mV,
510.8 mV dec™!), and commercial IrO, (270 mV, 83.8 mV dec™!).
Importantly, the RuO, , /RuSe, @ CNF exceeds most reported Ru-
based acidic OER electrocatalysts in terms of 7,, and Tafel slopes
(Figure 4c; Table S4, Supporting Information). Figures S26b and
S27 (Supporting Information) present the alkaline OER prop-
erties of different catalysts, where the heterostructure catalyst
still displays the better alkaline OER performances (255 mV,
52.5 mV dec™!) than other control catalysts and even the com-
mercial benchmarks. The ECSA results in Figure S28 (Support-
ing Information) suggest that the heterostructure catalyst is en-
dowed with a higher intrinsic alkaline OER activity. Overall, the
RuO, ,/RuSe, @CNF catalyst has presented the optimal OER ac-
tivities in both acidic and alkaline conditions (Figure S29, Sup-
porting Information).

As for the OER durability, the RuO, /RuSe, @CNF can sta-
bly maintain the current density for 140 h and 3000 times cy-
cling without obvious decays in both acidic (Figure 4d,e) and al-
kaline (Figure S30, Supporting Information) electrolytes. On the
contrary, the RuO, , @CNF and commercial RuO, catalysts show
the sharply dropped current behaviors in acidic OER processes
(Figure 4d). The enhanced acidic OER stability was further il-
lustrated by inductively coupled plasma optical emission spec-
trometer (ICP-OES, Figure 4f).[1%3] The dissolved Ru amount
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in RuO,,/RuSe, @CNF is only 1/10 of the RuO, @CNF dur-
ing the acidic OER, indicating the hindered corrosion of RuO,
after RuSe, confinement. Moreover, the post-OER TEM char-
acterizations have demonstrated the well-persisted morphology
and microstructure of the RuO, ,/RuSe, @CNF (Figure 4e inset;
Figures S31 and S32, Supporting Information). XRD and XPS
were employed to check the RuO, ,/RuSe, @CNF after OER test.
The attenuated Ru-Se content during the OER may be attributed
to the anodic oxidation and the dissolution of Se element (Figures
S33 and S34, Supporting Information). This also manifests the
catalytic role of Ru—O content and the protective effect of Ru—Se
content for OER in the heterostructure system. In addition, we
have also checked the effect of selenization degree (RuO,/Se
source ratio) on the HER/OER performances in both acidic and
alkaline media (Figure S35, Supporting Information). It is sug-
gested that a moderate selenization can make a fit between the
protective and catalytic effects for the OER promotion.

Encouraged by the pH-robust HER/OER properties, the
RuO, ,/RuSe, @CNF catalyst was further examined in symmet-
ric overall water splitting (OWS) under acidic and alkaline media
(Figure 4g—i). The RuO,, /RuSe, @CNF||RuO,, /RuSe, @CNF
couple shows the much superior OWS performances to those
commercial Pt/C||Ru0O, and Pt/C||IrO, pairs. It just requires ul-
tralow cell voltages of 1.496 V (Figure 4g) and 1.478 V (Figure 4h)
at 10 mA cm~2 to deliver the OWS in 1 M KOH and 0.5 m H,SO,,
respectively. A solar-powered (1.48 V) OWS device was also as-
sembled to demonstrate the effectiveness in the sustainable H,
production (Figure 4h inset). In both alkaline and acidic elec-
trolytes, the RuO,/RuSe, @CNF electrode can deliver a high
OWS activity with a negligible attenuation rate for 200 h at 20 mA
cm~2 (Figure 4i). It is worth noting that the RuO, . /RuSe, @ CNF
material is among the best list of noble-metal-based OWS elec-
trocatalysts (Figure 4j; Table S5, Supporting Information). Figure
S36 (Supporting Information) presents the Faradaic efficiency
(FE) of over 98.8% for the RuO, ,/RuSe, @CNF electrodes toward
highly efficient OWS.[34

2.4. Enhanced Mechanism Analyses

Density functional theory (DFT) calculations were employed to
gain an insight into the promoted catalytic properties of the
RuO,,/RuSe, heterostructure. Figure 5a shows the heterostruc-
ture model, and the counterpart models of RuO,, and RuSe,
are presented in Figures S37 and S38 (Supporting Information).
At the RuO,/RuSe, interface, it is suggested that the electron
transfers from RuSe, to RuO, , by the difference charge density
simulations (Figure S39, Supporting Information). The electron
localization function (ELF) map in Figure 5b further confirms
the presence of strong electron coupling at the interface through
the asymmetric Se—Ru—O configuration. Such a charge trans-
port pathway was also validated by the result of their work func-
tion difference (Figure 5c). Given that water adsorption is a pre-
requisite step for water splitting, we further calculated the H,O
adsorption energy (A E,o) on RuO,,, RuO, /RuSe,, and RuSe,
systems. The RuO, /RuSe, exhibits higher AE;;,o (—1.149 eV)
than the RuO,, (—0.564 eV) and RuSe, (—0.729 eV), presenting
a more hydrophilic surface to benefit subsequent HER/OER cat-
alytic steps (Figure 5d; Table S6, Supporting Information). For
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Figure 4. OER and OWS performances. a) OER polarization curves, b) Tafel slopes, and c) OER performance comparison of RuO,_, /RuSe, @CNF with
other catalysts in 0.5 M H,SO,. d) I-t curves of RuO,. /RuSe, @CNF, RuO, ,@CNF and commercial RuO, at 20 mA cm~2 in 0.5 m H,SO,. e) OER LSV
curves for RuO,_, /RuSe, @CNF after 1000th and 3000th cycles in 0.5 M H,SOy,, inset is the post-mortem HRTEM image. f) Dissolved Ru amount during
OER in 0.5 M H,SO, by ICP-OES for the RuO,_ /RuSe, @CNF and RuO,,@CNF. OWS polarization curves of RuO,_, /RuSe, @CNF and controls in g)
0.5 M H,SO, and h) 1 M KOH. i) I-t tests of RuO,, /RuSe, @CNF||RuO,.,, /RuSe, @CNF at 10 mA cm~2 in acidic and alkaline electrolytes for 200 h. j)
Performance comparison of RuO,_, /RuSe, @ CNF with recently excellent catalysts for OWS in acidic and alkaline electrolytes, respectively.

the subsequent H,O dissociation process, the RuO, /RuSe, dis-  RuO,_, RuO, /RuSe,, and RuSe, catalysts.[*! From the step en-
played the lowest H,O dissociation energy (0.36 eV), suggest-  ergy diagrams in Figure 5e, the Rugp, . site in the heterostruc-
ing the facilitated H,O dissociation and H" intermediates forma-  ture, as the HER active center, displays the more neutral AGy;.
tion behavior (Figure S40, Supporting Information). As for HER,  value (—0.053 eV) than those of Ru site in RuO,, and the Ru/Se
the hydrogen adsorption free energy (AG,;.) was investigated for ~ sites in RuSe,. Corresponding atomic adsorption states and
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Figure 5. Catalytic enhancement mechanism analyses. a) Structure model and b) electron localization function of RuO,.,/RuSe, heterostructure. c)
Work function diagram between RuO,,, and RuSe,. d) AE, ;5 on the RuO,_,, RuO,_/RuSe,, and RuSe, surface. e) Energy barriers for HER at different
sites. f) OER free energy diagrams for RuO,_,/RuSe,, and RuO,_,. g) OER LSV curves of RuO,_, /RuSe, @CNF in electrolytes with different pH values. h)
Current densities of RuO,_,/RuSe, @CNF and RuO,.,/RuSe, @CNF at 1.60 V versus RHE against the pH values. i) LSV curves of RuO,., /RuSe, @CNF
and RuO,_,/RuSe, @CNF in 1 M KOH and 1 m TMAOH. j) OER energy barriers via AEM and LOM pathways on RuO,_ /RuSe,. k) The PDOSs projected

on the O-p and Ru-d orbits for RuO,_,/RuSe, and RuO,,.

calculated energy value data are presented in Figures S41
and S42 and Table S7 (Supporting Information). Such a neu-
tral AGy. in the heterostructure is responsive for balancing
the hydrogen ads-/de-sorption behaviors toward boosted HER
performance.

Adv. Funct. Mater. 2024, 2406587

2406587 (8 of 10)

Moreover, the OER pathway was investigated to decipher the
OER catalytic enhancement mechanism. First of all, the con-
ventional adsorbate evolution mechanism (AEM) was applied
to discern the catalytic activity difference of RuO, /RuSe, and
RuO,, (Figure 5f; Figure S43a, Supporting Information). The
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adsorption sites of the intermediates (“OH, O, and "OOH)
on each system are shown in Figures S44-S47 (Supporting In-
formation), and Table S8 (Supporting Information) listed the
corresponding calculated theoretical overpotential (1) values.
It is revealed that both the rate-determining steps (RDS) of
RuO, and RuO, /RuSe, are the evolution from “O to “OOH
(O — "OOH step) intermediates (Figure 5f). The RuO, , /RuSe,
undergoes more balanced RDS energy barriers (1.67 eV@0 V
and 0.45 eV@1.23 V) than that of RuO,,, (2.14 eV@0 V and 0.91
eV@1.23 V), thereby strengthening the OER activity. Moreover,
the RuSe, side of RuO, ,/RuSe, heterostructure was also investi-
gated, and the OER theoretical activities of the Ru/Se sites (RDS:
2.30/2.56 eV@O V) are both inferior to the Ru site at RuO, side
(Figures S48 and S49, Supporting Information).

In regard of the high Ru—O bond polarizability (Ap > 0),
the LOM pathway would be the underlying OER manner for
the RuO,,/RuSe, material.>*] Since the LOM pathway fea-
tures the strong nonconcerted proton—electron coupling,[!3¢3¢]
the pH-dependent OER activities were investigated for the
RuO,,/RuSe, @CNF and RuO, @CNF in Figure 5g and Figure
S50 (Supporting Information). With the pH value increase from
12.5 to 14, the RuO, /RuSe, @ CNF exhibits a higher j-pH sensi-
tivity (Figure 5h) than RuO, , @CNF, indicating a boosted OER
deprotonation process toward the LOM pathway.'®37] To ver-
ify the proposed LOM route, the tetramethylammonium cation
(TMA™)-poisoning experiments were conducted during the OER
(Figure 5i), because the TMA' can bind strongly with the
0,27 /0%~ species and hamper the OER-LOM pathway.[13338] Tt is
observed that the OER activity of RuO,/RuSe, @CNF declined
significantly in 1 M TMAOH than that in 1 m KOH. This con-
firms that the LOM mode is an energetically favorable pathway
for the bond-polarized RuO, ,/RuSe, @ CNF. The free energy di-
agram of the multistep OER process via AEM and LOM are stud-
ied and presented in Figure 5j. The theoretical overpotential (1)
of the LOM route (0.38 V) is lower than that of the AEM route
(0.45 V) on the RuO,, /RuSe, heterostructure. The PDOSs of
Ru,y and O,, orbits were plotted to further rationalize the pro-
moted OER catalytic activity (Figure 5k). The RuO, /RuSe, het-
erostructure shows the narrower d-p band center distance (4.23-
1.94 =2.29 eV) than that of RuO,, (4.35-1.73 =2.62 eV). Such an
enhanced d-p band proximity is conductive to the more balanced
intermediates ("OH, “O, etc.) adsorptions and charge transport
for the boosted OER process.[*¢]

3. Conclusion

In summary, we have profiled and fabricated a
RuO,,/RuSe, @CNF heterostructure by a facile electrospin-
ning/selenization process for the efficient and pH-robust WE
catalysis. The electronspun RuO, ,/RuSe, nanofibers is featured
with the via-hole porous structure to benefit the electrolyte
accessibility. As for HER, the optimized RuO,, /RuSe, het-
erostructure exhibits the Pt-beyond properties with ultralow
710 of 10 mV in 1 m KOH and 25 mV in 0.5 M H,SO,. With
respect to OER, the heterostructure can present the competitive
performances with low 5, of 210 and 255 mV in acidic and
alkaline electrolytes, respectively. Furthermore, the overall WE
device can be stably delivered for 200 h with ultralow 7,, cell
voltages of 1.478 (acidic) and 1.496 V (alkaline), respectively. It
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is revealed that the RuO,,/RuSe, heterostructure features an
asymmetric bond delta-polarization at the formed interfacial
Se—Ru—O bridge: i) the Ru—O bond of Ap > 0 triggers the LOM
pathway for OER and ii) Ru—Se bond of Ap < 0 benefits the HER
kinetics by the enhanced dg,-ps. band hybridization. This study
carries the valuable fundamental to rationalize the pH-robust
overall water splitting electrocatalysts through the interface bond
modulations.
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Supporting Information is available from the Wiley Online Library or from
the author.
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