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Unlocking Efficient Alkaline Hydrogen Evolution Through
Ru-Sn Dual Metal Sites and a Novel Hydroxyl Spillover

Effect

Zhen-Tong Yan, Shi Tao, Juan Wang, Xiu-Li Lu,* and Tong-Bu Lu*

Alkaline hydrogen evolution reaction (HER) has great potential in practical
hydrogen production but is still limited by the lack of active and stable
electrocatalysts. Herein, the efficient water dissociation process, fast transfer
of adsorbed hydroxyl and optimized hydrogen adsorption are first achieved on
a cooperative electrocatalyst, named as Ru-Sn/SnO, NS, in which the Ru-Sn
dual metal sites and SnO, heterojunction are constructed based on porous Ru
nanosheet. The density functional theory (DFT) calculations and in situ
infrared spectra suggest that Ru—Sn dual sites can optimize the water
dissociation process and hydrogen adsorption, while the existence of SnO,
can induce the unique hydroxyl spillover effect, accelerating the hydroxyl
transfer process and avoiding the poison of active sites. As results,
Ru-Sn/SnO, NS display remarkable alkaline HER performance with an
extremely low overpotential (12 mV at 10 mA cm~2) and robust stability

(650 h), much superior to those of Ru NS (27 mV at 10 mA cm~2 with 90 h
stability) and Ru-Sn NS (16 mV at 10 mA cm~2 with 120 h stability). The work
sheds new light on designing of efficient alkaline HER electrocatalyst.

well as the desorption of adsorbed hy-
droxyl (*OH + e~ = OH7), and the
subsequent Heyrovsky or Tafel step (hy-
drogen combination process).”! To over-
come the slow HER kinetics under alka-
line condition, most developed catalysts
mainly concentrate on accelerating the wa-
ter dissociation and regulating the hydro-
gen adsorption.'>'?l However, the trans-
fer of adsorbed hydroxyl (*OH), which also
plays a critical role in overall HER activ-
ity, is hardly considered. When the bind-
ing energy between active sites and *OH
is too strong during the initial Volmer pro-
cess, the active sites would be poisoned
due to the accumulation of *OH, which
could decrease the rate of HER and cause
the deactivation of the electrocatalyst.[}3-15]
In this regard, designing a highly ac-

1. Introduction

Alkaline water electrolysis has been regarded as an eco-
nomical route for large-scale hydrogen production with zero
emissions.l'3] However, the hydrogen evolution reaction (HER)
under alkaline condition is sluggish because the used proton is
derived from water dissociation, while the proton for acidic HER
is direct access from media.l**! Specifically, the process of alka-
line HER includes the Volmer process (H,O + e~ = H* + OH"),
which involves the water dissociation (H,0 = H* + *OH) as
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tive and stable electrocatalyst for alka-
line HER by collectively promoting wa-
ter dissociation, accelerating *OH transfer,
and optimizing hydrogen adsorption is urgently needed and is
extremely challenging.

As is well known, Ru-based catalyst has been widely applied
in alkaline HER due to its relatively low price and high catalytic
performance for water splitting with strong metal-hydrogen
bonds.1'*8 During the past decades, to improve the perfor-
mance of Ru-based catalysts, various strategies have been de-
veloped to optimize hydrogen adsorption and accelerate water
dissociation.'2!] For example, Guo and co-workers reported that
Cu-doped heterogeneous Ru/RuSe, with optimized H and H,0O
adsorption strength demonstrate highly efficient performance
for alkaline HER due to a synergistic effect of the unique het-
erointerface structure and Cu doping.*?) By combining highly ox-
ophilic Ce single atoms and fully-exposed Ru nanoclusters on N
functionalized carbon support, the mass activity for alkaline HER
could achieve —10.1 A mg~! at —0.05 V, which is superior to most
of the reported Ru-based catalysts.[?}] Despite all the progress, a
simultaneous realization of high catalytic activity and stability for
alkaline HER on Ru-based catalyst is still challenging.

As reported, constructing dual metal sites has shown great
promise in complicated reaction. For example, it is reported that
the atomic copper—iron dual-site bridged by an axial oxygen atom
(O—Fe-N,—Cu) on N-doped carbon support demonstrates high
catalytic performance for synthesis of NH, by electrocatalytic re-
duction of NO due to the improved rate-determining step and
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promoted protonation process.[**! Lu and co-workers fabricated
an asymmetric TeN,—CuN, double-atomic site catalyst for CO,
electroreduction, in which Te center activates CO, and the Cu
center helps to dissociate H,O, bringing to efficient conversion
of CO,-t0-CO.[%] These examples confirm the great advantage of
dual metal sites in improving the activity of complicated electro-
catalytic reactions. In this regard, fabricating efficient dual metal
sites is a potential way to enhance the performance of Ru-based
catalyst for alkaline water electrolysis. However, how to design
and regulate dual metal sites on Ru-based catalysts for outstand-
ing alkaline HER is still an open question. In addition, a multi-
component strategy is commonly used to solve the blockage of
active sites during the catalytic process. It is reported that Pb-
modified ultrathin RuCu nanoflowers can serve as highly active
and stable catalysts for alkaline hydrogen oxidation reaction, in
which Pb can act as an oxygen-rich site to accelerate CO oxida-
tion and thus improve CO tolerance.?°! In our previous work, we
revealed the unique role of oxygen vacancies in TiO, in V,-rich
Pt/TiO,, which can boost the hydrogen spillover from Pt nan-
oclusters to TiO, support, avoiding the blockage of Pt active sites
due to the accumulation of H* and accelerating the desorption
process of H,.[?7]

For alkaline water electrolysis, the process of *OH + e~ =
OH- is usually sluggish, resulting in *OH blockage, which might
not only reduce the catalytic activity but also destabilize the
catalyst.!?8%] Thus, introducing competitive adsorption sites for
*OH by multicomponent strategy is a potential way to transfer
*OH during alkaline HER. On the basis of the above consider-
ations, designing dual metal sites and multicomponent struc-
ture on Ru-based catalysts provide the opportunity for the real-
ization of an efficient water dissociation process, fast transfer of
adsorbed hydroxyl, and suitable hydrogen adsorption simultane-
ously. Herein, we demonstrate that the Ru—Sn dual sites and the
SnO, heterojunction can bring to the highly efficient water dis-
sociation, optimized hydrogen adsorption, and accelerated *OH
transfer via hydroxyl spillover effect in Ru—Sn/SnO, NS, which
results in an extremely low overpotential of 12 mV and excellent
stability up to 650 h at 10 mA cm™2. The Ru-Sn dual sites and
rapid adsorbed hydroxyl transfer was confirmed by atomic reso-
lution high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM), X-ray absorption fine struc-
ture (XAFS) spectroscopy, density functional theory (DFT) analy-
sis and in situ infrared spectroscopy. Our work not only provides
anew way to design both efficient and stable catalysts for alkaline
HER but also gives deep insight into the mechanism of alkaline
HER.

2. Results and Discussion

In this work, the Ru-based catalysts were prepared through the
sacrificial templating method (Figure S1, Supporting Informa-
tion). First, metal atoms (Ru** or Sn**) were introduced into
the structure of g-C;N, (CN) nanosheet (NS) through a sim-
ple dicyandiamide-blowing method.[*! By tuning the amount of
Sn**, the precursors of Ru—CN, Ru/Sn—CN-1, and Ru/Sn-CN-2
were obtained (the synthesis details are given in the Experimental
section). The X-ray diffraction (XRD) patterns of Ru—CN, Ru/Sn—
CN-1, and Ru/Sn—CN-2 are similar to that of CN, and no peaks
ascribed to Ru-based compound can be observed, demonstrating
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that the structure of CN remains unchanged (Figure S2, Support-
ing Information). The conditions for removing the CN skeleton
were first investigated under air atmosphere, showing the op-
timal annealing temperature of 375 °C (Figure S3, Supporting
Information). After annealing the precursors of Ru-CN, Ru/Sn-
CN-1, and Ru/Sn-CN-2 at 375 °C for 5 h under ambient condi-
tions, followed by a subsequent treatment at 300 °C for 1 h un-
der 5% H, /Ar atmosphere, Ru NS, Ru—Sn NS and Ru-Sn/SnO,
NS were successfully obtained, respectively. The structure and
morphological features of the as-synthesized materials were in-
vestigated by XRD, high-resolution transmission electron mi-
croscopy (HRTEM), and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). As shown in
Figure 1a, all the XRD patterns of Ru NS, Ru-Sn NS, and
Ru-Sn/SnO, NS display the diffraction peaks belonged to the
hexagonal-close-packed (hcp) phase of Ru (JCPDS No. 06-0663).
It can be found that the diffraction peaks associated with hcp-Ru
in Ru-Sn NS and Ru-Sn/SnO, NS are slightly shifted to lower
angles, suggesting that the lattice distortion after introducing Sn
into the lattice of Ru. Remarkably, the peaks attributed to SnO, is
clearly observed at the XRD patterns of Ru—Sn/SnO, NS, indicat-
ing the co-existence of Sn doped hcp-Ru and SnO, component in
Ru-Sn/Sno, NS.

The TEM images of Ru NS, Ru-Sn NS, and Ru-Sn/Sn0O, NS
(Figure 1b; Figures S5a and S6a, Supporting Information) display
the nanosheet morphology with porous structure due to the re-
moval of CN skeleton. As shown in Figure 1c, the HRTEM image
and its corresponding selected area electron diffraction (SAED)
(Figure S4, Supporting Information) of Ru NS shows the lattice
fringe of 0.205 nm, corresponding to the (101) plane of hcp-Ru.
Notably, the lattice distance of (101) plane in the HRTEM images
and corresponding SAEDs for Ru-Sn NS (Figure S5b,c, Support-
ing Information) and Ru-Sn/SnO, NS (Figure 1f; Figure S6b,
Supporting Information) are slightly larger than that of hcp-Ru
due to the doping of Sn atoms in Ru lattice, corresponding with
the results from the XRD. In addition, as revealed in Figure 1d,
the atomic resolution HAADF-STEM image of Ru-Sn NS pro-
vides detailed atom arrangements and interplanar spacings along
the Ru (101) planes. Interestingly, owing to the higher Z-contrast
of Sn against Ru elements, the brighter spots, as highlighted by
the red circles corresponding to Sn atoms could be visualized
among Ru atoms directly, demonstrating the indeed existence of
Ru-Sn dual metal sites. The atomic intensity profiles recorded
along the rectangle depicted in Figure 1d demonstrate the pres-
ence of isolated Sn atoms with heightened intensities. Moreover,
the corresponding elemental mapping (Figure S5d, Supporting
Information) reveals the even distribution of Ru and Sn in the
as-obtained Ru-Sn NS. For Ru-Sn/SnO, NS, the HRTEM im-
age (Figure 1f) and its corresponding SAED (Figure S6b, Sup-
porting Information) shows that in addition to the lattice asso-
ciated with Sn doped Ru (101), the lattice spacing of 0.347 nm,
which corresponds to (110) plane of SnO, is also clearly ob-
served. Moreover, the atomic resolution HAADF-STEM image
(Figure 1g) and corresponding elemental mapping (Figure 1h)
for Ru-Sn/SnO, NS confirm the distinct heterojunction inter-
face between single-atom Sn doped Ru nanosheet (Ru—-Sn com-
ponent) and SnO, nanosheet. As depicted in Figure 1i, the in-
tensity profiles along the rectangle in Figure 1g clearly indicate
the presence of Sn single-atom doped in Ru atoms. The results
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Figure 1. a) XRD patterns of Ru NS, Ru-Sn NS and Ru-Sn/SnO, NS. b) TEM image, and c) HRTEM image of Ru NS. d) The atomic resolution HAADF-
STEM image of Ru-Sn NS (the Sn atoms were highlighted by the red circles). e) Line intensity profiles along the plane in (d). f) HRTEM image,
g) the atomic resolution HAADF-STEM image (the Sn atoms were highlighted by the red circles), and h) the corresponding EDS element mapping for

Ru-Sn/SnO, NS. i) Line intensity profiles along the plane in (g).

showcase the successful synthesis of Ru NS, Ru-Sn NS, and
Ru-Sn/SnO, NS.

The electronic and structural information for Ru NS, Ru-Sn
NS, and Ru—Sn/SnO, NS were further investigated by X-ray pho-
toelectron spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS). As shown in Figure S7a (Supporting Information), the Ru
3p;, binding energies shift to more positive values in order of
Ru NS, Ru-Sn NS, and Ru-Sn/SnO, NS, implying the increase
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in Ru valence states. In addition, the O1s XPS for Ru NS, Ru—
Sn NS, and Ru-Sn/SnO, NS were also analyzed. As shown in
Figure 2a, apart from the subpeaks attributed to surface adsorbed
hydroxyl groups (530.25 eV), surface adsorbed H,O (532.1 eV)
and weakly bound oxygen species (533.6 eV), the O species re-
lated to Ru-O or Ru/Sn—O were also observed in the O 1s XPS
of Ru NS and Ru—Sn NS, 313234 regpectively, indicating the O
atoms were doped into Ru NS and Ru-Sn NS. In addition, the
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Figure 2. a) O1s XPS spectra for Ru NS, Ru-Sn NS and Ru-Sn/SnO, NS. b) Normalized Ru K-edge XANES of Ru foil, Ru NS, Ru-Sn NS and Ru-Sn/SnO,
NS; c) the relation between the Ru K-edge absorption energy (AE,) and oxidation states. d) Ru K-edge FT EXAFS spectra of Ru foil, Ru NS, Ru-Sn NS
and Ru-Sn/SnO, NS, e) Wavelet transform-EXAFS spectra for Ru NS, Ru-Sn NS and Ru-Sn/SnO, NS.

extra subpeak at 530.8 eV related to the lattice O in SnO, also ap-
pears in the high-resolution XPS spectra of O 1s for Ru-Sn/SnO,
NS.B351 The results indicate that O atoms were incorporated into
the structure of Ru—Sn dual metal sites in both samples of Ru—-Sn
NS and Ru-Sn/Sn0O, NS, providing the possibility to balance the
adsorption/desorption of hydroxyl species during alkaline HER.
Moreover, as shown in Figure S7b (Supporting Information), the
Sn 3d XPS spectra of Ru-Sn NS and Ru-Sn/SnO, NS display that
the valence of Sn elements in Ru—Sn/SnO, NS is higher than
that in Ru-Sn NS due to the existence of SnO, component. The
Ru K edge spectra are further collected through X-ray absorp-
tion near-edge spectroscopy (XANES) to quantitatively describe
the oxidation state of Ru (Figure 2b). As present in Figure 2c,
taking Ru foil and commercial RuO, as references, the oxida-
tion states of Ru in catalysts are estimated to be +0.38, +1.25,
and +2.11 for Ru NS, Ru-Sn NS and Ru-Sn/SnO, NS, respec-
tively, in line with the XPS results. It has been reported that high-
valence Ru(n+) surfaces could promote interfacial water dissoci-
ation, promoting the alkaline HER.®] To further reveal the struc-
ture of Ru-Sn dual metal sites in Ru-Sn NS and Ru-Sn/SnO,
NS, the Ru K-edge Fourier transformed extended X-ray absorp-
tion fine structures (FT-EXAFS) are performed (Figure 2d), us-
ing Ru NS, Ru foil and commercial RuO, as references. It is
worth noting that Ru—Sn NS and Ru—Sn/SnO, NS have charac-
teristic peaks associated with Ru-Ru/Sn bonds. In addition, all
the samples of Ru NS, Ru-Sn NS, and Ru-Sn/SnO, NS show
the characteristic peaks related to Ru/Sn-O bonds. The fitting
curves accord well with the experimental curves (Figure S8, Sup-
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porting Information), and the results were shown in Table S1
(Supporting Information). Additionally, the wavelet transform
(WT) with high resolution in both k and R space analyses are
carried out (Figure 2e), which is consistent with the FT-EXAFS
results. The above results confirm that the dual Ru-Sn metal
sites modified by O atoms were construed in both Ru-Sn NS and
Ru-Sn/SnO, NS.

The HER performance of electrocatalyst of Ru-Sn/SnO, NS
was evaluated in 1.0 M KOH aqueous solution with a typical
three-electrode system, where a graphite counter electrode and
a Hg/HgO reference electrode are applied. The Ru NS, Ru-Sn
NS, commercial RuO,, commercial Pt/C, commercial SnO,, the
mixture of Ru-Sn NS with commercial SnO, (denoted as “Ru-—
Sn NS + Sn0O,”), and the precursors were also measured under
the same conditions for comparison. As shown in Figures 3a and
S9 (Supporting Information), the measured linear sweep voltam-
metry (LSV) curves show that Ru—Sn/SnO, NS displays the best
catalytic performance for HER among those of Ru NS, Ru-Sn
NS, commercial RuO, and commercial Pt/C, as well as the com-
mercial SnO,, the Ru-Sn NS + SnO, and the precursors. The
overpotentials of different electrocatalysts were further compared
in Figure 3b. Notably, extremely small overpotentials at 10 and
100 mA cm~* were achieved in Ru-Sn/SnO, NS (12 and 72 mV)
and Ru-Sn NS (16 and 93 mV) compared with those of Ru NS
(27 and 120 mV), commercial Pt/C (27 and 135 mV) and commer-
cial RuO, (128 and 232 mV). It’s worth noting that the fabrication
of Ru—Sn dual metal sites has improved the catalytic performance
for HER. As shown in Figure 3c, both Ru-Sn/SnO, NS and
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Figure 3. HER performance in 1 M KOH, a) LSV curves of Ru-Sn/SnO, NS, Ru-Sn NS, Ru NS, commercial Pt/C and commercial RuO, for HER.
b) Comparing the overpotentials of above noted samples at the current density of 10 and 100 mA cm~2. Tafel slopes c) and Nyquist plots d) for the
above catalysts. e) Chronopotentiometry tests of Ru=Sn/SnO, NS, Ru-Sn NS and Ru NS at current densities of 10 mA cm~2. f) HER polarization curves
of Ru=Sn/SnO, NS before and after 10 000 CV cycles. g) Comparison of overpotential (17,) and Tafel slope of Ru-Sn/SnO, NS with other representative
Ru-based catalysts. h) Comparison of stability of Ru-Sn/SnO, NS with other representative Ru-based catalysts.

Ru—Sn NS obtain a lower Tafel slope (22.7 and 28.4 mV dec™)
than that of Ru NS (39.9 mV dec™!). In addition, Ru-Sn/SnO, NS
exhibits the smallest charge-transfer resistance among all the cat-
alysts, according to the electrochemical impedance spectroscopy
(EIS) analysis (Figure 3d), demonstrating a faster HER kinetic
process. Furthermore, as shown in Figure S10 (Supporting Infor-
mation), the electrochemical double-layer capacitance C4 of Ru—
Sn/SnO, NS is higher than that of Ru NS and Ru-Sn NS. This in-
dicates that Ru-Sn/SnO, NS possesses a higher electrochemical
active surface area (ECSA) than the other catalysts (Figure S11a,b,
Supporting Information). In addition, the LSV curves normal-
ized by ECSA display that Ru-Sn/SnO, NS remains the best per-
formance for HER (Figure S11c, Supporting Information), sug-
gesting the higher intrinsic electrocatalytic activity. This suggests
that the Ru—Sn dual site and SnO, component could synergisti-
cally promote HER reaction kinetics. Furthermore, the stability of
prepared electrocatalysts is further evaluated by long-term cyclic
voltammetry (CV) cycling and chronoamperometry. As shown
in Figure 3e, the chronopotentiometry test of Ru NS, Ru-Sn
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NS, and Ru-Sn/SnO, NS recorded at a fixed current density of
10 mA cm~? demonstrates that the Ru-Sn/SnO, NS possess the
best stability with no significant decline after 650 h electrolysis,
much higher than those of Ru—Sn NS (120 h) and Ru NS (90 h). It
is to say the introduction of SnO, component in Ru-Sn/Sn0O, NS
could greatly improve the stability of the catalysts. Furthermore,
the excellent stability of Ru—Sn/SnO, NS during alkaline HER
were further proved by polarization curves, which were hardly
changed after 10000 sweeping cycles (Figure 3f). It is notewor-
thy that Ru—Sn/SnO, NS demonstrates exceptional electrochem-
ical performance, characterized by an impressively small Tafel
slope, an exceptionally low overpotential, and remarkable long-
term stability. These features position it as a superior alternative
to the majority of recently reported advanced Ru-based catalysts,
showcasing its great potential for applications requiring efficient
and durable electrocatalytic activity. (Figure 3g,h; Tables S2 and
S3, Supporting Information). In short, the above electrochemical
results demonstrate that the Ru—Sn dual metal sites contribute
more to the high activity of HER, while the SnO, component

© 2024 Wiley-VCH GmbH

85UB017 SUOLULLOD AII8.1D) [cfed ! (dde U Aq peuenob 8e 91l VO ‘SN J0 S8|NI 0} Aiq1T 8UIUO /8|1 L (SUONIPUOD-PUE-SWSIALIY A8 | Im Akeiq Ul |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S * [720Z/0T/c0] uo Akeiqiauliuo A8|im * ABojouyse ] JO AisieAlun ulfuel | - N ng-Buo Aq Zy6TTY20Z eWPe/Z00T 0T/I0PALI0Y A8 |im Akeiq 1 putjuo//Sdny Woj pepeojumod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

contribute more to the excellent stability of the catalysts in Ru—
Sn/SnO, NS.

The morphology, compositional, and structural properties of
Ru NS, Ru-Sn NS, and Ru-Sn/SnO, NS following the HER sta-
bility measurement in alkaline media have been further evalu-
ated through SEM, TEM, XRD, and XPS analyses. As depicted
in Figure S12 (Supporting Information), the powder XRD pat-
terns of Ru—Sn NS and Ru-Sn/SnO, NS, post-HER stability test-
ing, exhibit no discernible variations compared to the freshly pre-
pared Ru—Sn NS and Ru-Sn/SnO, NS (Figure 1a). This observa-
tion shows that the structures for Ru-Sn NS and Ru-Sn/SnO,
NS during HER are relatively stable. In contrast, after undergo-
ing HER, Ru NS show a broadening of XRD peaks, indicating a
lack of stability. In addition, as depicted in Figures S13a,b (Sup-
porting Information) the binding energies of Ru 3p; , in both Ru
NS and Ru-Sn NS exhibit a discernible shift toward more posi-
tive values subsequent to the HER stability measurement. This
shift signifies an augmentation in the valence states of Ru, indi-
cating that the Ru species within these nanostructures undergo
oxidation to higher valence states during the HER process. This
phenomenon aligns with previous reports in the literature.l*! In
stark contrast to the observations in Ru NS and Ru-Sn NS, the
Ru oxidation state in Ru—Sn/SnO, NS remains remarkably sta-
ble and unperturbed after the HER test, as evident from Figure
S13c (Supporting Information). Concurrently, the Sn oxidation
state in Ru-Sn/SnO, NS undergoes a shift to more positive val-
ues upon completion of the stability test, as confirmed by the Sn
3d XPS analysis presented in Figure S13d (Supporting Informa-
tion). The observed increases in the valence states of Ruin Ru NS
and Ru—Sn NS, as well as the increase in Sn valence states in Ru—
Sn/Sn0O, NS, can be attributed to the adsorption of *OH species
onto the Ru or Sn sites. These findings underscore the ability
of hydroxyl groups to spillover from the Ru—Sn dual sites to the
SnO, component. In addition, as presented in Figure S14 (Sup-
porting Information), the SEM and TEM images demonstrate
that the morphology of the Ru—Sn/SnO, NS remains intact and
well-preserved during HER. Notably, the incorporation of SnO,
within the Ru—Sn/SnO, NS framework plays a pivotal role in en-
hancing the long-term stability of the material, highlighting its
crucial contribution to the overall performance.

To further unveil the mechanism of the superior alkaline HER
catalytic activity of Ru—Sn/SnO, NS, the DFT calculations and in
situ infrared spectroscopy were performed. Based on the above
experimental results, the models of Ru, Ru-O, Ru-Sn, Ru-Sn-0,
Ru—-Sn/Sn0, and Ru-Sn-0/SnO, (Figure S15, Supporting Infor-
mation) were constructed to study the advantage of Ru-Sn dual
metal sites for HER under alkaline conditions. As is known, fa-
cilitating slow water dissociation kinetics is the key to promoting
the HER in alkaline condition. Given that, the energy barriers for
the Vomer process were first calculated based on the fabricated
models. As shown in Figure 4a, Figures S16a and S17-S22 (Sup-
porting Information), the reaction energies associated with water
dissociation on Ru model and Ru-O model are lower than those
observed in other models incorporating Ru—Sn dual sites. How-
ever, the process of hydroxyl desorption on Ru model and Ru-O
model face formidable obstacles stemming from uphill energy
barriers (0.13 and 0.36 eV), which ultimately restrict the ability
to achieve efficient and sustained water dissociation. For Ru-Sn
model, while the initial water dissociation requires a small uphill
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energy barrier of 0.08 eV, the substantial downhill energy asso-
ciated with hydroxyl desorption favors the progression of water
dissociation, enhancing the efficiency of Volmer reaction (Figure
S16a, Supporting Information). In addition, the downbhill ener-
gies of Ru-Sn—O, Ru-Sn/SnO, and Ru-Sn-0O/Sn0O, models for
the Vomer process further indicate the high catalytic activity of
Ru-Sn dual metal sites, especially modified by O atoms, for wa-
ter splitting. Moreover, the advantage of Ru—-Sn dual metal sites
for water splitting was further investigated in D,0/1 M KOH
(Figure S23, Supporting Information). To evaluate the catalytic
ability for H reduction, the H-adsorption free energy (AG,,.) were
further calculated. As shown in Figure 4b and Figure S24 (Sup-
porting Information), Ru—Sn—-0/Sn0O, and Ru—-Sn-O models ex-
hibit the AG;. value of —0.35 and —0.34 eV, which are closer to
zero than that of Ru—O model (—0.37 eV), suggesting that the op-
timized adsorption of H and promoting the HER process. More-
over, as shown in Figure S16b (Supporting Information), the Ru—
Sn/Sn0O, and Ru—Sn models also show a more suitable AGy;.
value (—0.23 and —0.43 eV) compared with that of Ru model
(=0.58 eV). In addition, the binding energies of OH on Ru and
SnO, were also calculated and the results show that OH is more
favorably adsorbed on the SnO, (Figure S25, Supporting Infor-
mation). The strong interaction between SnO, and OH could in-
duce the repaid hydroxyl spillover from the catalytic sites to SnO,
solving the *OH blockage problem. As shown in Figure 4c, the
hydroxyl spillover from site A to site B on Ru—Sn—-0/SnO, model
is effortless due to the large downbhill energy. Thus, different from
Ru NS and Ru-Sn NS, the desorption of adsorbed hydroxyl (*OH
+ e~ = OH") on Ru-Sn/Sn0, NS preferred to occur on SnO,
component, not on the catalytic sites, which could be used con-
stantly for water splitting and H reduction.

To further investigate the catalytic process in Ru-Sn/SnO,
NS during alkaline HER, the in situ attenuated total reflec-
tion surface-enhanced infrared absorption spectroscopy (ATR-
SEIRAS) were conducted to monitor the *H,0O and *OH. As
shown in Figure S26 (Supporting Information), the broad peak
from 3200—3600 cm™! and the peaks located at ~#1621 cm™! for
Ru NS and Ru-Sn NS could be assigned to stretching (O—H)
mode and the bending §(H—O—H) mode of interfacial water
molecules.’”] Under the same condition, the peaks related to
water molecules for Ru-Sn/SnO, NS are more pronounced
(Figure 4d,e), indicating enhanced water adsorption. Further-
more, a new small peak at ~#1144 cm™! was found in the situ
infrared spectra of Ru-Sn NS, which could be assigned to the
Sn—OH stretching vibrations (8, oy)-*®! This phenomenon con-
firms that the Sn atoms were more likely to adsorb OH in
the Ru-Sn dual metal sites during the water splitting process.
In addition to these small bands, the new bands attributed to
the isolated terminal hydroxyl groups on the SnO, (vg,_oy) at
~3700 cm™'3% appear in the in situ infrared spectra for Ru—
Sn/Sn0O, NS (Figure 4d,e). In addition, as the catalytic reaction
proceeds, this band becomes more pronounced (Figure 4d). For
comparison, the in situ ATR-SEIRAS were also conducted for
commercial SnO, and Ru-Sn NS + SnO, at the potential of
—160 mV versus RHE in 1 M KOH. As shown in Figure S27 (Sup-
porting Information), no signal for vg, oy at #3700 cm™ could
be observed in SnO, and Ru-Sn NS + SnO,, indicating that the
OH™ from electrolyte does not impact the in situ infrared sig-
nal, and the heterojunction in Ru—Sn/SnO, NS is crucial for the
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Figure 4. a) Free energy diagram for Vomer process. b) Free energy diagram for hydrogen recombination. c) Free energy diagram for hydroxyl spillover
on Ru-Sn—-0/SnO, model. d) The in situ infrared spectra of Ru—Sn/SnO, NS at different applied cathodic potentials during alkaline HER. e) Comparison

Wavenumber (cm™)

of the in situ infrared spectra of Ru NS, Ru—-Sn NS and Ru-Sn/SnO, NS at —160 mV versus RHE.
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efficient hydroxyl spillover effect. The above in situ infrared spec-
tra confirm that rapid *OH transfer does exist in Ru-Sn/SnO,
NS during alkaline HER, and Ru-Sn dual metal sites act as the
efficient catalytic sites for water splitting, thus synergistically pro-
moting hydrogen generation.

3. Conclusion

In summary, we have successfully constructed a cooperative elec-
trocatalyst of Ru—Sn/SnO, NS, in which Ru-Sn dual metal sites
and SnO, combined together by forming the heterojunctions.
The Ru-Sn/Sn0O, NS shows an outstanding electrocatalytic HER
performance, with an extremely low overpotential (12 mV at
10 mA cm~2) and robust stability (650 h at 10 mA cm~2). The
atomic HAADF-STEM image, XAFS spectra, XPS spectra, and
DFT results confirm the Ru—Sn dual metal sites with O modifica-
tion, which possess a low water splitting energy barrier and opti-
mized adsorption of H. In addition, the results of DFT and in situ
infrared revealed the role of SnO, component in Ru-Sn/SnO,
NS, which can boost the *OH transfer from Ru-Sn dual metal
sites to SnO, via novel hydroxyl spillover effect, further enhanc-
ing the HER activity and the stability of catalysts. This work pro-
vides important inspiration for designing highly efficient cata-
lysts for alkaline HER.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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