Deng et al. NPG Asia Materials (2022) 14:25

https://doi.org/10.1038/541427-022-00373-9 NPG Asia Materials

ARTICLE Open Access

Controllable tuning of polymetallic Co-Ni-Ru-S-Se
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Abstract

Replacing precious metals in oxygen evolution reaction (OER) catalysts has broad prospects to achieve a viable water
splitting system. Since the electrocatalytic OER is a four-electron transfer reaction with a very sluggish kinetic process,
there is great interest in the development of inexpensive, durable, and high-efficiency OER catalysts. Herein, trimetallic
Co-Ni-Ru sulfoselenide and bimetallic sulfoselenide nanosheets were designed by regulating their composition and
morphology for efficient and durable OER electrocatalysis. The sheet structure has a large specific surface area to
promote contact between the catalyst and electrolyte. Compared with bimetallic Co-Ni, Co-Ru, Ni-Ru, Co-Cd, and Co-
Au sulfoselenide nanosheets, trimetallic Co-Ni-Ru sulfoselenide nanosheets show superior OER performance. By
modulating the composition ratio of metal atoms in the Co-Ni-Ru-S-Se nanosheets (1:1:0.5:1:1), the nanosheets
showed a significant OER overpotential of n =261 mV (1.491V versus RHE) at 10 mA cm ™2, a Tafel slope of 522 mV
dec™" and outstanding stability after 48 h of continuous testing. For comparison, Co-Ni, Co-Ru, Ni-Ru, Co-Cd, and Co-
Au bimetallic sulfoselenide nanosheets (denoted as Co-Ni-S-Se, Co-Ru-S-Se, Ni-Ru-S-Se, Co-Au-S-Se, Co-Cd-S-Se) were
also tested. Density functional theory (DFT) calculations showed that appropriately doping Ru and Ni simultaneously
(Co-Ni-Ru-S-Se) can increase the density of the states at the Fermi level, resulting in excellent charge density and low
intermediate adsorption energy. These findings present a practical route to design 2D polymetallic nanosheets to
optimize catalytic OER performance.

Introduction

Fossil fuels are nonrenewable energy sources that cause
serious environmental pollution problems. This has sti-
mulated researchers to search for and develop sustainable
and clean energy sources in recent decades. Hydrogen
produced by the electrocatalytic cracking of water is
renewable and pollution-free' . At present, investiga-
tions have found that the oxygen evolution reaction
(OER) mainly involves 4-electron transfer processes,
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which greatly hinders its kinetic process and limits its
practical applications in electrocatalytic water splitting®°.
The rare noble metal oxides RuO, and IrO, are the
benchmark electrocatalysts for oxygen evolution. How-
ever, their high cost, scarcity, and instability limit their
practical applications in commercial aspects’ °. Hence,
the development of low-cost base transition metal cata-
lysts is in high demand and has urgent application value.
Currently, a large number of oxygen evolution catalysts
have been developed, such as transition metal oxides'® 12,
hydro(oxy)oxides'®'*, sulfides'>'®, nitrides'”'®, and
phosphides'*?°. Among them, cobalt-based sulfides or
selenides have attracted considerable attention due to
their configurations to stimulate electrochemical-reacting

surfaces>' 3. Nevertheless, the low number of active sites
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inhibit the OER process tremendously. Notably, some
researchers have further improved the oxygen evolution
performance of metal compounds by using multiple metal
atoms>*~°, For example, Wang prepared a unique het-
erostructure interdoped (Ru-Co)O, hollow nanosheet
array, which showed prominent electrocatalytic activity
and durable stability during the OER*. Zhu and Liu
presented the multi-transition metal selenide CoNiSe,,
which has an optimized number of Se vacancies and
possesses improved OER properties, containing a low
overpotential #=252mV at 10mAcm > and efficient
stability after 30 h**73!, Zhao used a steerable synthesis
strategy to optimize the composition of metal atoms, and
the generated Co,Ni; P nanotubes showed significant OER
catalytic performance in alkaline electrolytes®”. Zhuang
used the plasma photochemical strategy to prepare the
selenium vacancy of a single Pt atomic species®®. This
enhanced oxygen evolution performance was mainly
ascribed to the dopant and host metal synergy between
atoms. Nevertheless, a detailed explanation of the het-
erostructure cooperative effect remains obscure. Hence, it
is vital to explain the electronic structure and properties
of polymetallic sulfur—selenium compounds toward OER
activity.

Two-dimensional nanostructured OER catalysts have
controllable morphologies and novel structures owing to
their various unique preparation processes>*>°, Among
the many two-dimensional nanostructured oxygen evo-
lution catalysts, layered oxygen evolution catalysts can
provide a larger specific surface area when in contact with
the electrolyte, thereby greatly improving their electro-
catalytic performance®®, For example, Sun reported a
universal jon exchange method to obtain Fe-doped Ni
(OH), and Co(OH), nanomaterials and enhance the
oxygen release reaction®. Du systematically analyzed
progressive morphology modulation on MNMCs and
applied them for electrocatalysis, strengthening the elec-
trochemical properties of 0D, 1D, 2D, and 3D noble
metal-based electrocatalysts for OERs and HERs**™*,
Zhu developed the two-dimensional OER catalyst Fe;Co;-
ONS. The oxygen vacancies generated in this material can
increase the adsorption of H,O to the Co' sites™.
Consequently, ultrathin nanosheets can promote the mass
transport of OH- ions and supply many active sites for
catalysis.

Based on the above considerations, elaborate composi-
tion adjustments and morphology control were con-
sidered in the design of an OER catalyst to make full use
of their respective advantages. Trimetallic Co-Ni-Ru-S-Se
shows different molecular configuration transformations
than bimetallic Co-Ni-S-Se, which exhibits differentiation
of the atomic arrangements. In particular, the charge
density of the original Co-Ni-Ru-Se or Co-Ni-Ru-S
monolayer is evenly distributed and mainly concentrated
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in the center of the Co atom, while the observed differ-
ence in charge density of the Co-Ni-Ru-S alloy monolayer
is partially due to the different electronegativities of the S
and Se atoms. This may mainly be caused by the sub-
mission of half S (or Se) and Se (or S), so the concentric
charge density of the Co atom reduces the d-orbital of the
metallic Co atoms and the Se orbital, which is helpful for
adjusting the d-band construction of the metal atoms.
Herein, we demonstrate that trimetallic sulfoselenide
(Co-Ni-Ru-S-Se) nanosheets are evenly distributed by
using a liquid-liquid interface-mediated strategy (oleyla-
mine and water as the two reaction media). In comparison
with the utilization of monometallic Co-S-Se alone, the
simultaneous polymetallic doping of Ru and Ni can
enhance the OER performance, which is strongly asso-
ciated with the molar ratio of Ru, Ni, and Co. In addition,
trimetallic Co-Ni-Ru-S-Se nanosheets possess remarkable
performance with an overpotential as low as 261 mV at
10mA cm ™% a Tafel slope of 52.2mV dec”’, and long-
lasting stability after 48 h of continuous testing. The
density functional theory (DFT) results show that the
increase in the activity of Co-Ni-Ru-S-Se is due to an
increase in the density of states (DOS) close to the Fermi
level, thus leading to enhancement in the active poly-
metallic catalytic site.

Results and discussion
Morphologies and structures

To achieve highly electroactive ultrathin nanosheets for
OERs, we elaborately designed trimetallic Co-M;-M,-S-
Se and bimetallic Co-M;-S-Se (M;, M, denotes Ni or Ru
or Cd or Au) composite materials that were based on the
precursors cobalt (III) acetylacetonate (Co(acac)s), sulfur
powder (S) and selenium powder (Se). As depicted in
Fig. 1a, the pristine trimetallic Co-Ni-Ru-S-Se and bime-
tallic Co-Ni-S-Se, Co-Ru-S-Se, Ni-Ru-S-Se, Co-Au-S-Se,
and Co-Cd-S-Se materials were synthesized via a one-pot
hydrothermal process in which Co(acac); was used as the
source of Co metal cations, S and Se powder were used as
the controllable negative ions, and the other metal ions
(Ru, Ni, Cd, Au) were used as dopants. By adjusting the
molar ratios of the metal atoms Ni, Ru, Au, and Cd, the
bimetallic Co-Ni-S-Se, Co-Ru-S-Se, Ni-Ru-S-Se, Co-Au-
S-Se, and Co-Cd-S-Se and trimetallic Co-Ni-Ru-S-Se
composite materials with tunable element components
were accordingly optimized. The synthetic process with
different ratios of bimetallic and trimetallic composite
materials is detailed in the experimental methods. Herein,
we focused on six products containing various chemical
compositions: Co-Ni-S-Se, Co-Ru-S-Se, Ni-Ru-S-Se, Co-
Au-S-Se, Co-Cd-S-Se, and Co-Ni-Ru-S-Se.

Typical low-resolution and high-resolution transmission
electron microscopy (LRTEM and HRTEM) figures (Fig. 1b,
c) showed that the as-prepared bimetallic Co-Ni-S-Se
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Fig. 1 Schematic illustration and morphology characterizations. a Schematic illustration of the synthetic process for Co-M;-S-Se and Co-M;-M,-
S-Se nanosheets at the oil/water interface. b, ¢ TEM image for the Co-Ni-S-Se. d XRD of Co-Ni-S-Se, Ni-Ru-S-Se, Co-Ru-S-Se, standard NiCo,S, card
(PDF#20-0782). @ HRTEM spectrum of Co-Ni-S-Se. f, g FFT and IFFT pattern of Co-Ni-S-Se. h—-1 HAADF-STEM spectrum with elemental mapping
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products were exclusively high-quality nanosheet struc-
tures. The robust crystalline nature of the Co-Ni-S-Se
nanosheets was confirmed by X-ray diffraction (XRD), as
shown in Fig. 1d. The peaks in the spectrum at ~32.3° and
47.4° were ascribed to the (222) and (422) facets, respec-
tively, and were consistent with the standard NiCo,S, card
(PDF 20-0782). Figure le (marked blue and purple) dis-
plays the HRTEM spectrum of the Co-Ni-S-Se structure.
Figure 1f shows lattice fringes with a distance of 0.18 nm,
which correspond to the (222) plane of Co-Ni-S-Se. Figure
1g reveals a lattice fringe spacing of 0.26 nm (purple), which
corresponds to the (422) facet of Co-Ni-S-Se. The energy
dispersive X-ray (EDX) spectrum of the Co-Ni-S-Se
nanosheet (Fig Sla) shows that the approximate composi-
tion ratio of Co, S, Se, and Ni was 1:1:1:0.5 (Co:S:Se:Ni). The
Co-Ni-S-Se chemical molar ratio was determined to be
Co00.48Nip2250.465€0.41 by inductively coupled plasma atomic
emission spectrometry (ICP-AES). In addition, line scan-
ning indicated that the elements Co, Ni, S, and Se were
evenly dispersed in the Co-Ni-S-Se samples (Fig. S1b-h).
Through high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM), the spatial
distribution of different elements located on the nanosheets
was confirmed (Fig. 1h). The corresponding EDX mapping
image shows that Co, Ni, S, and Se are homogeneously
dispersed onto the entire Co-Ni-S-Se nanosheet (Fig. 1i-1).

Figure 2a schematically illustrates the molecular con-
figuration transformations from bimetallic Co-Ni-S-Se to
trimetallic Co-Ni-Ru-S-Se, which exhibits differentiation
of the atomic arrangements from three different perspec-
tives. The scanning electron microscopy (SEM) image in
Fig. 2b distinctly illustrates that the as-prepared trimetallic
Co-Ni-Ru-S-Se also possesses a typical sheet-like struc-
ture, and the corresponding EDX spectrum proved the
homogeneous distribution of Co, S, Se Ni, and Ru atoms in
the samples (Fig. S2). The HRTEM images shown in
Fig. 2¢ and Fig. 2d also demonstrate the sheet-like struc-
ture of the Co-Ni-Ru-S-Se products. The crystal structures
of the materials were determined by X-ray diffraction
(XRD), as shown in Fig. 2e. A peak at ~34.6° originates
from the (210) plane of Co-Ni-Ru-S-Se. The characteristic
diffraction peaks of Co-Ni-Ru-S-Se at ~52.4° and 49.4° are
consistent with the (222) and (311) crystal planes. Figure 2f
g displays the HRTEM images of the Co-Ni-Ru-S-Se
sample, accompanied by the FFT patterns and IFFT pat-
terns of the selected areas. Figure 2f reveals lattice fringe
spacings of 0.20 nm and 0.14 nm, which correspond to the
(400) and (220) facets of Co-Ni-Ru-S-Se. Figure 2g shows
lattice fringes with distances of 0.30nm and 0.18 nm,
which have been assigned to the (222) and (311) planes of
Co-Ni-Ru-S-Se. The corresponding elemental mappings
further indicate that the constituent Co, Ni, S, Se, and Ru
elements of Co-Ni-Ru-S-Se (Fig. 2h-1) were evenly dis-
tributed throughout the whole catalyst matrix. EDX
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spectroscopy showed that the molar ratio of Co, Ni, and
Ru in the as-prepared Co-Ni-Ru-S-Se sample was close to
0.25:0.2:0.05 (Fig. S3), which corresponded to an approx-
imate composition ratio of Co, Ni, Ru, S and Se of
Co31Nig 22Rup 0550.465€0.41 by ICP-AES.

Chemical valance states

Atomic force microscopy (AFM) further confirmed the
ultrathin nanosheet morphology of Co-Ni-Ru-S-Se with
an average thickness of 0.92 nm (Fig. 3a). To identify the
changes in chemical composition and element valence of
Co-Ni-Ru-S-Se, Co-Ru-S-Se, and Co-Ni-S-Se, X-ray
photoelectron spectroscopy (XPS) analysis was per-
formed. The results are shown in Fig. 3b—f and Fig. S4.
The full XPS spectrum (Fig. 3b) revealed that the Co-Ni-
Ru-S-Se sample was composed of the elements Co, S, Se,
Ru, and Ni, which was consistent with the EDS analysis.
Specifically, in the XPS spectrum, the Co 2p, Ni 2p, Ru 3p
and Se 3d districts were split into two doublets owing to
spin-orbit coupling. In Fig. 3c, the Co 2p3/, spectrum
showed 2 spin-orbit peaks (Co 2p;/, and Co 2p3/;), and
the Co 2p3,, peak could be ascribed to Co(III) (777.94 eV)
and Co(II) (781.97 eV); these peaks were accompanied by
a satellite peak (786.32 eV), which could be assigned to
the Co in Co-Ni-Ru-S-Se*>*®. Furthermore, the 3d
spectrum of Se (Fig. 3d) displayed peaks at 53.2 eV (Se
3ds/») and 54.3 eV (Se 3d3/,). A peak at 58.7 eV resulted
from a SeQO,, species owing to exposure to air. Moreover,
the Ni 2p peaks in Fig. 3e were designated at 855.6 and
874.1 eV, which are in accordance with Ni 2p3,, and Ni
2p1/» in Co-Ni-Ru-S-Se, respectively”*®, The 3p spec-
trum of Ru displayed in Fig. 3f exhibited a Ru 3p3,, peak
from Co-Ni-Ru-S-Se, which could be assigned to a Ru
(IV) (461.12 eV) peak and a satellite peak (464.76 eV)™’.
The value of H,q4 is usually stronger in catalysts con-
taining Ru sites®®. while the O,qs value is weak,
resulting in slow water splitting kinetics. Electronic reg-
ulation owing to the interfacial cooperative effect could
endow Co-Ni-Ru-S-Se with enhanced catalytic activity
toward water decomposition®. The Co 2p and Se 3d XPS
spectra of Co-Ni-Ru-S-Se showed a slight shift compared
with pure Co-Ru-S-Se and Co-Ni-S-Se, confirming a
strong charge interaction relationship between Co-S-Se
and the doped Ru Ni (Fig. 3¢, d). Other XPS survey
spectra, S 2p and Cd 3d, are depicted in Fig. S5. Com-
pared with monodoped Co-Ru-S-Se and Co-Ni-S-Se, the
dual-cation-doped Co-Ni-Ru-S-Se exhibited a more
positive shift in the Co 2p and Se 3d binding energy,
indicating charge transfer between the cations in the Co-
Ni-Ru-S-Se catalyst.

OER electrocatalytic performance analyses
To survey the electrocatalytic performance of the pre-
pared materials, a typical three-electrode system was
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utilized to assess the OER properties of the polymetallic
doping material in a 1molL™" KOH solution®>*®, For
comparison, a marketed RuQ, catalyst was also tested as a
reference®®. All potentials were transformed to a rever-
sible hydrogen electrode (RHE). Figure 4a shows the lin-
ear sweep voltammetry (LSV) curves of the synthesized

materials. Undoubtedly, the standard RuO, catalyst pre-
sented the best OER activity and was accompanied by the
smallest potential of 1.484V (vs. RHE), which was con-
verted to an overpotential of n;9=254mV to obtain a
10 mA cm ™2 current density. The Co-Ru-S-Se, Ni-Ru-S-Se,
Co-Au-S-Se, and Co-Cd-S-Se nanomaterials displayed very
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Fig. 4 Electrocatalytic OER performance of bimetallic nanosheets. a OER polarization curves, b Tafel plots of Co-Ru-S-Se, Co-Ni-S-Se, Co-Cd-S-Se,
Co-Au-5-Se, RuO,, and Co-S-Se. € Cy values of current density differences plotted against scan rates of Co-Ru-5-Se, Co-Ni-S-Se, Co-Cd-S-Se, Co-Au-S-
Se, RuO, and bare Co-S-Se. d EIS Nyquist plots of Co-Ru-S-Se, Co-Ni-5-Se, Co-Cd-S-Se, Co-Au-S-Se, RuO,, and bare Co-S-Se. e Everlasting stability for
the Co-S-Se at current densities of 10 mA cm ™~ for 36 h, inset in () continuous CV scanning after 2000 circles at 100 mV's~". f TOF curves of Co-Ni-S-
Se, Co-Cd-S-Se, Co-Au-S-Se, and Co-Ru-S-Se at the overpotential of 311 mV.

low OER activity with high overpotentials (360 mV,
392 mV, 323 mV, and 431 mV at 10 mA cm ™2, respectively)
and weak current densities, while the Co-Ni-S-Se catalyst
needed an overpotential of only 311mV (Fig. 4a and
Fig. S6). Determining the variation in Ni content among
different metal-doped materials in the Co-M;-S-Se family of
electrocatalysts, which can be achieved by modulating var-
ious components, is important and has a significant influ-
ence on electrocatalytic performance. The Co-Ni-S-Se
catalyst was found to be the best catalyst among all of the
Co-M;-S-Se samples. Specifically, the Co-Ni-S-Se catalyst

required an overpotential of only 311 mV, which was better
than those of Co-Cd-S-Se and Co-Au-S-Se. Tafel diagrams
are generally used to survey and confirm faster OER
kinetics®. The Co-Ni-S-Se nanosheets presented a Tafel
slope of 76.3mVdec™' (Fig. 4b), which was noticeably
superior to those of Co-Cd-S-Se (115.4mV dec '), Co-Au-
S-Se (81.2mVdec™), and Co-Ru-S-Se (93.3mV dec™?).
During the oxygen evolution process, the double-layer
capacitance (Cy) of the electrocatalyst is proportional to its
electrochemically active surface area (ECSA)®. On the basis
of the cyclic voltammograms (CVs) at various scan rates in
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the non-Faradaic potential region (Fig. S7), the Co-Ni-S-Se
catalyst exhibited a Cg value of 11.73 mFcm 2 (Fig. 4c),
which was remarkably larger than those of Co-Cd-S-Se
(241 mF cm ™ ?), Co-Au-S-Se (8.21 mFcm™2) and Co-S-Se
(10.73 mF cm™?). This result suggested that the Co-Ni-S-Se
nanosheets possessed more active sites, providing a sig-
nificant contribution to the enhanced OER performance.
We also performed electrochemical impedance spectro-
scopy (EIS) measurements to obtain the electrode kinetics
during the electrocatalytic OER process®””®, As surveyed
from the Nyquist plots (Fig. 4d), the Co-Ni-S-Se catalyst
possessed the smallest charge transfer resistance (Rg)
among all of the bimetallic family materials, presenting
faster OER kinetics and an accelerated Faradaic process on
the Co-Ni-S-Se electrode. This result further showed that
the charge transfer process could be expedited by opti-
mizing the Ni content in the Co-Ni-S-Se sample. The ECSA
and EIS analytical results were both consistent with the
excellent OER activity that the Co-Ni-S-Se nanosheets
exhibited in the LSV curves. The stability of the as-
fabricated Co-Ni-S-Se nanosheets was further evaluated
through consecutive CV scanning for 2000 cycles and
chronoamperometry measurements in a KOH solution. As
indicated in Fig. 4e, the polarization curves after 2000 CV
cycles still overlapped with the previous curve, demon-
strating that the Co-Ni-S-Se catalyst has excellent electro-
catalytic stability. The result in Fig. 4f clearly shows that
when the overpotential was 311 mV, the turnover frequency
(TOF) value of Co-Ni-S-Se was the largest (0.096s %),
which was three times that of Co-Cd-S-Se (0.032s™%). This
phenomenon indicated that Ni doping had a great influence
on the electrochemical properties.

Similarly, a typical three-electrode system was utilized
to investigate the OER activity of the Co-Ni-Ru-S-Se
catalyst in 1.0 mol L~" KOH medium. The samples con-
taining the optimized Co-Ni-S-Se catalysts were selected
for comparison. Figure 5a shows LSV curves with a scan
rate of 5mV s~ *. The Co-Ni-Ru-S-Se (1:1:0.5:1:1) catalyst
exhibited the best performance. The n;o of Co-Ni-Ru-S-
Se (1:1:0.5:1:1) was 261 mV (1.491V vs. RHE), which was
noticeably lower than that of Co-Ni-S-Se (311 mV). The
Tafel slope of Co-Ni-Ru-S-Se (1:1:0.5:1:1) was 52.2 mV
dec™!, which was also better than that of the Co-Ni-S-Se
catalyst (76.3mV dec ') (Fig. 5b), demonstrating the
rapid OER rate of Co-Ni-Ru-S-Se (1:1:0.5:1:1). Moreover,
the ECSA of the samples could be reflected from the value
of Cyq. The Cq (Figs. S8, S9) of the Co-Ni-Ru-S-Se catalyst
(12.15 mF cm ™ 2) was superior to those of the Co-Ni-S-Se
(11.73mFcm™2) and Co-Ru-S-Se (4.13mFcm™2) cata-
lysts. The other Cy values of the bimetallic composite
materials are shown in Figs. S10, S11. The large ECSA of
Co-Ni-Ru-S-Se could be ascribed to the increased number
of active sites via the doped atoms, demonstrating
the distinct catalytic performance of Co-Ni-Ru-S-Se.
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EIS measurements were also carried out to better illus-
trate the enhanced performance of Co-Ni-Ru-S-Se. The
EIS plots revealed that the Co-Ni-Ru-S-Se catalyst
exhibited a smaller semicircle diameter (Fig. 5d). This
result demonstrated that Ru and Ni doping could greatly
decrease the impedance, thus giving rise to a preferable
R of Ru and Ni incorporation in alkaline media. The
obtained 13y of Co-Ni-Ru-S-Se (1:1:0.5:1:1) was better
than those of previously well-known catalysts prepared in
alkaline media (Fig. 5e). This phenomenon revealed that
doping with Ru and Ni atoms and the incorporation of
Co-S-Se could greatly improve the OER reactivity. The
overpotential of the Co-Ni-Ru-S-Se catalysts remained
continuously stable after 48 h of measurement under a
current density of 10 mA cm™?, thereby demonstrating
their favorable stability. The TEM image (inset in Fig. 5f)
confirmed that the morphology of Co-Ni-Ru-S-Se was
well preserved with negligible changes; thus, Co-Ni-Ru-S-
Se accounted for the structural durability of the Co-Ni-
Ru-S-Se catalyst. Furthermore, the preferable stability of
Co-Ni-Ru-S-Se was also examined by XPS spectroscopy,
and the interior structure of the electrocatalyst was pre-
served. According to the XPS spectral results (Fig. S12),
the Ni 2p peaks after the OER process were still found at
855.6 and 874.1 eV, which is in accordance with Ni 2ps3/,
and Ni 2p;» in Co-Ni-Ru-S-Se in the early unreacted
stage, respectively. The Co 2p3/, spectrum after the OER
test also showed two spin-orbit peaks. The Co 2p3,, peaks
were assigned to Co(lll) (779.47eV) and Co(II)
(795.97 V) and accompanied by a satellite peak
(788.32 V), which was assigned to the Co in Co-Ni-Ru-S-
Se with only a slight displacement. In our case, the
observed Ru 3p spectrum after the OER process desig-
nated the Ru 3ps,, peak of Co-Ni-Ru-S-Se was Ru(IV)
(464.10 eV). The XPS spectrum and TEM spectrum both
confirmed the material stability regarding its structure
and activity. This phenomenon further confirmed
the excellent stability of the Co-Ni-Ru-S-Se catalyst. The
distinguished OER electrocatalytic performance of
the Co-Ni-Ru-S-Se nanosheets could thus be ascribed to
the appropriate chemical constitutions and structural
morphologies.

Electrocatalytic enhancement mechanism

To explore the typical mechanism underlying the out-
standing OER properties of Co-Ni-Ru-S-Se, crystal struc-
tures of Co-Ni-Ru-S-Se, Co-Ni-S-Se, and Co-Ru-S-Se were
built (Fig. 6a—c)’?%°. DFT studies were executed to deter-
mine the effects of Co-Ru-S-Se and Co-Ni-S-Se on the
atomic-level electronic structure®’ as shown by the DOS of
the bimetal calculated in Fig. 6d, €**. After the elements Ni
and Ru were simultaneously doped into the Co-S-Se
framework, the DOS of Co-Ni-Ru-S-Se was greatly
increased compared with Co-Ru-S-Se and Co-Ni-S-Se,
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Fig. 5 Electrocatalytic OER properties of the trimetallic Co-Ni-Ru-S-Se nanosheets. a OER polarization curves. b Tafel plots of Co-Ni-Ru-S-Se and

current densities of 10 mA cm™2 for 48 h, the inset showed the TEM images before and after the stability measurement for OER.

rates of Co-Ni-Ru-S-Se and Co-Ni-S-Se. d EIS Nyquist plots of Co-Ni-Ru-S-Se.
OER catalysts. f Long-term stability measurement for the Co-Ni-Ru-S-Se at

respectively (Fig. 6f). The high DOS of Co-Ni-Ru-S-Se
illustrated that more electron transport occurred and
subsequently accelerated the electrocatalytic reaction,
which contributed significantly to enhancing the OER
performance63’64. In addition, the DOS intensity was clo-
sely associated with the electric conductivity. The faster

charge transfer kinetics of Co-Ni-Ru-S-Se are due to the
increased DOS intensity, which shows close agreement
with the charge transfer resistance. Therefore, simulta-
neous Ru and Ni atom doping provides even more catalytic
active sites to achieve OH adsorption, which is vital for
successful oxygen release.
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DFT was utilized to calculate the adsorption Gibbs free
energy (AG) of Co-Ni-Ru-S-Se to clarify the reason for the
material’s outstanding OER properties in alkaline
media®®®, We built a series of theoretical structure
models (Figs. S13—-S15) and probed the OER mechanism
through a four-electron transfer process (Fig. 7a). Under
such conditions, the AG values of the different steps
(OH*, O*, and OOH*) were selected to illuminate the
active electrocatalytic mechanism®”®®, The theoretical
initial potentials for the OER on Co-Ni-S-Se, Co-Ru-S-Se,
and Co-Ni-Ru-S-Se were calculated by Equation S3. The
step with the maximum AG, value for the four-electron
process is the rate-determining step (RDS)*°. The free
energy profiles of the OER on Co-Ru-S-Se and Co-Ni-S-
Se indicated that the RDS was the one-step formation of
OOH*, giving AG, values of 1.79eV and 1.71eV,
respectively, which were in accordance with the trans-
formation overpotentials of 560 and 480 mV (Fig. 7b, c).
Nevertheless, the free energy of Co-Ni-Ru-S-Se (Fig. 7d)
changed to 1.60eV, which was equivalent to an over-
potential of 370 mV. After simultaneous Ru and Ni dop-
ing, the OER activity of the catalysts increased. More
importantly, the charge density distribution diagrams of
Co-Ni-S-Se, Co-Ru-S-Se, and Co-Ni-Ru-S-Se (Fig. 7e—g)
showed that the simultaneous doping of Ru and Ni atoms
aggravated the unevenness of the charge distribution. The
Co site represents the center of the lack of electrons and is

considered to be a superior activation site to achieve OH
adsorption. Therefore, Ru and Ni simultaneously doped
into hybrid materials could introduce an increased num-
ber of active catalytic sites for achieving OH adsorption,
which has shown vital advantages for successful oxygen
release.

Conclusion

A new multi-metal hybrid material-doped Co-S-Se
nanocomposite was designed via a one-step hydro-
thermal method using Co(acac)s, S, Se, and other metal
ions (Ni, Ru, Cd, and Au). Compared with bimetallic Co-
Ni-S-Se, Co-Ru-S-Se, Co-Au-S-Se and Co-Cd-S-Se
nanosheets, the obtained trimetallic Co-Ni-Ru-S-Se
nanosheets possessed high conductivity, gave an abun-
dance of metallic active sites, and provided close contact
between the nonmetal and metal, thus contributing to
high activity, quick electron transport, the facile release of
produced bubbles and outstanding durability for the
electrocatalytic reaction. Therefore, Co-Ni-Ru-S-Se exhi-
bits superior OER catalytic activity in alkaline solution
and possesses outstanding prospects for the electrolysis of
water. Furthermore, the commonly used composite
strategy paves the way for the extensive preparation of
polymetallic sulfoselenide catalysts with accurately steer-
able morphologies and electronic configurations, bringing
about wider applications.
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