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A Nanosized CoNi Hydroxide@ Hydroxysulfide Core—Shell
Heterostructure for Enhanced Oxygen Evolution

Bin Wang, Cheng Tang, Hao-Fan Wang, Xiao Chen, Rui Cao, and Qiang Zhang*

A cost-effective and highly efficient oxygen evolution reaction (OER) electro-
catalyst will be significant for the future energy scenario. The emergence of

the core—shell heterostructure has invoked new feasibilities to inspire the full
potential of non-precious-metal candidates. The shells always have a large thick-
ness, affording robust mechanical properties under harsh reaction conditions,
which limits the full exposure of active sites with highly intrinsic reactivity and
extrinsic physicochemical characters for optimal performance. Herein, a nano-
sized CoNi hydroxide@ hydroxysulfide core—shell heterostructure is fabricated
via an ethanol-modified surface sulfurization method. Such a synthetic strategy
is demonstrated to be effective in controllably fabricating a core—shell hetero-
structure with an ultrathin shell (4 nm) and favorable exposure of active sites,
resulting in a moderately regulated electronic structure, remarkably facilitated
charge transfer, fully exposed active sites, and a strongly coupled heteroint-
erface for energy electrocatalysis. Consequently, the as-obtained hydroxide@
hydroxysulfide core—shell is revealed as a superior OER catalyst, with a small
overpotential of 274.0 mV required for 10.0 mA cm2, a low Tafel slope of

45.0 mV dec™', and a favorable long-term stability in 0.10 M KOH. This work
affords fresh concepts and strategies for the design and fabrication of advanced

date, precious metal oxides, such as IrO,
and RuO,, still hold the benchmarking
activity for electrocatalytic OER,>®l but
the practical application is greatly inhib-
ited by their high cost, low abundance,
and insufficient stability. Therefore, it is
highly desirable to develop greatly effec-
tive and robust OER catalysts based on
earth-abundant elements.l”) Emerging as
a versatile family of outstanding alterna-
tives, transition metal compounds have
recently drawn particular attention due
to their high-performance, cost-efficient,
structure-tunable, and environment-
benign features. Generally, their OER
electrocatalytic activity can be efficiently
optimized by electronic engineering,
including cation regulation (Co**,[
N2 910 Fe¥* 1 Mn* 121 Mo, 13l etc.)
and anion regulation (S*14 P31
N30 §22/OH~, 7Y etc), to alter
the adsorption behavior and intrinsic

core—shell heterostructures, and thus opens up new avenues for the targeted

development of high-performance energy materials.

The oxygen evolution reaction (OER) is one of the most
important electrocatalytic processes for the future energy sce-
nario, which is coupled with various renewable energy sys-
tems such as water splitting units,!l metal-air batteries,?! and
solar cells.’l Nevertheless, this reaction considerably suffers
from its sluggish kinetics due to the multi-electron process
nature (4OH™ — O, + 2H,0 + 4¢7, in alkaline),[*! and thereby
exhibits high overpotential and low energy efficiency. To
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activity. Besides, interface engineering
with favorable nanostructures (nano-
sized hybrid,®?% core-shell,[®?1:22 free-
standing,?}] etc.) is also of great benefit
to the electrocatalysis performance by
improving the conductivity, facilitating the charge transfer,
and generating strong couple effects.

Specifically, the recent attention on core—shell heterostruc-
tures invokes emerging feasibilities to thoroughly demonstrate
the full potential of transition metal compounds in OER
electrocatalysis. By coupling two components with different
compositions and crystallinities, the constructed core-shell
heterostructure is expected to achieve synergistic effects with
electronic and interface engineering simultaneously, such as
C00,/CoP,24 MoS,/Ni;S,,2 Ni,P/NiO,,2¢ NiPS;@NiOOH,27)
CoFe,0,@CoFeBi, ¥l and so on. The heterogeneous shell and
interface are able to modulate the electronic structure,?’] endow
highly active surface,® decrease interfacial contact resist-
ance,?”) and boost charge transfer,% thereby leading to greatly
enhanced electrocatalytic performance. It is obvious that the
features of the shell, including composition, thickness, porosity,
and crystallinity, will play a vital role in regulating the resultant
reactivity. Nevertheless, these core-shell heterostructures are
mainly fabricated under harsh conditions or uncontrollably
formed in situ during electrocatalysis,*!} which lack capability
to precisely control their characters. Therefore, smart design
and versatile techniques are urgently required for the control-
lable construction of advanced core-shell heterostructures,
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aiming at high intrinsic catalytic activity and suitable extrinsic
physicochemical characters for optimal OER performance.

Here, we report the design a hydroxide@hydroxysulfide
core-shell heterostructure and devise an ethanol-modified sur-
face sulfurization method to facilely synthesize such hetero-
structure material. Well-developed CoNi hydroxide sheets were
synthesized in advance, and then an ultrathin CoNi hydroxy-
sulfide shell was controllably generated on the hydroxide surface
with the formation of a core-shell heterostructure. The as-pro-
posed strategy is demonstrated effectively to precisely control
the nanostructure and effectively regulate the electronic struc-
ture. As a result, the CoNi based hydroxide@hydroxysulfide
core—shell heterostructure was revealed to exhibit a superior
OER performance, with high activities, rapid kinetics, and
excellent durability in alkaline condition. The material design
and synthetic strategy herein are believed to afford emerging
opportunities and inspiration in the field of core—shell hetero-
structures for various energy applications.

The CoNi hydroxide@hydroxysulfide (denoted as
Co; gNi(OH)s5 s@Co; gNiSy 4(OH)4g) core—shell heterostructure
was fabricated via an ethanol-modified surface sulfurization
as schematically illustrated in Figure 1. First, high-quality and
regular-shaped CoNi hydroxide (denoted as Co;gNi(OH)s)
nanosheets were prepared through a homogeneous precipi-
tation of dilute CoCl, and NiCl, solutions with hexamethyl-
enetetramine (HMT) under Ar protection. The exclusion of
O, and CO, by Ar flow and the slow nucleation ascribed to
the prolonged HMT hydrolysis are crucial to guarantee the
uniform hexagonal morphology, large size, and high crystal-
linity of as-obtained Co;gNi(OH)s¢ (Figure S1, Supporting
Information), which facilitates a rational and precise control
of the subsequent surface sulfurization. Then the as-obtained
Co; gNi(OH)s ¢ sample was immersed in 2.0 M Na,S ethanol
solution for 24.0 h under room temperature. During this
process, the Co;gNi(OH)s, platelets undergo an interfacial
reaction with hydrolyzed HS™ and thus transformation into a
CoNi hydroxysulfide shell (S>~ + C,HsOH — HS™ + C,Hs0",
Co;gNi(OH)s4 + HS™ — CoNi hydroxysulfide), due to sig-
nificantly different solubilities (Ky,) between the sulfide and
hydroxide (see details in the Supporting Information).l'”]
Notably, ethanol was employed as the solvent rather than
routine water during the sulfurization process to decrease
the rate of Na,S dissociation and interfacial reaction, thereby
ensuring the precise modulation on the resultant nanosized
Co; gNi(OH)s s@Co; gNiSy 4(OH)4g core—shell heterostructure.
A counterpart hydroxysulfide (denoted as Co;;NiS; ¢(OH),,)

Co, gNi(OH)5

ethanol-modified
surface sulfurization

www.advmat.de

deeply sulfurized in 2.0 M Na,S aqueous solution was also
fabricated under otherwise identical conditions.

To reveal the nanosized morphology and core—shell hetero-
structure, transmission electron microscopy (TEM) characteri-
zation was carried out. As shown in Figure 2a and Figure S2 in
the Supporting Information, the as-obtained Co; gNi(OH)s @
Co;gNiS(4(OH),s sample presents a well-maintained hex-
agonal plate-like morphology of the Co;gNi(OH)ss precur-
sors with a lateral size of =1.5 um, which is attributed to the
mild sulfurization conditions. Figure S3 in the Supporting
Information presents the results of atomic force microscopy,
which further indicates a uniform thickness of 39.5 (+ 2.7) nm
for Co;gNi(OH)s5s@Co;gNiSo4(OH),s, consistent with the
scanning electron microscopy (SEM) results (Figure S4, Sup-
porting Information). The selected area electron diffraction
(SAED) pattern obtained from an individual Co,gNi(OH)s @
Co, gNiS(4(OH), 5 sheet (Figure 2D, inset) displays a clear set
of hexagonally arranged spots assigned to Co;gNi(OH)sg
hydroxides (Figure Slc, Supporting Information), indicating
a hydroxide bulk nature maintained in the Co;gNi(OH)s; @
Co;gNiS(4(OH),s heterostructure. Meanwhile, in contrast
to the smooth surface of Co;gNi(OH)ss (Figure S1b, Sup-
porting Information), a cotton-like surface was observed in
Co, gNi(OH)s s@Co; gNiS( 4(OH)4 g by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) images (Figure 2b and Figure S5, Supporting Infor-
mation), suggesting the formation of a crystalline disordered
hydroxysulfide shell. The incorporation of sulfur into the
hydroxide matrix is believed to induce moderate lattice mis-
match and distortion,3? thereby leading to the lack of long-
range crystalline order and generation of the crystalline dis-
ordered structure in both Co;gNi(OH)s@Co;gNiSy4(OH)4g
and Co;;NiS;4(OH),, samples (Figures S5-S7). The N,
adsorption/desorption analysis indicates a prominently higher
specific surface area (122.7 m? g™') and larger pore volume
(0.155 cm?® g71) of Co; gNi(OH)s ¢@Co; gNiSq 4(OH)4 g than those
of Co;gNi(OH)s¢ precursors (87.3 m? g! and 0.082 cm® g7},
respectively). This is mainly contributed by the remarkably
increased mesopores around 4 nm, which is ascribed to the gen-
erated cotton-like surface (Figure S8, Supporting Information).

The hydroxide@hydroxysulfide core—shell heterostructure
was further confirmed by the elaborate characterization of
element distributions. As displayed in Figure S9 in the Sup-
porting Information, the energy dispersive spectrum (EDS)
mapping of a deeply sulfurized Co,;NiS;¢(OH),, nanosheet
exhibits a uniform distribution of S element overlapping Co,

Co, gNi(OH); s@Co, gNiS; 4(OH),

Figure 1. Schematic illustration of the ethanol-modified surface sulfurization process for the fabrication of CojgNi(OH)s¢@CoqgNiSq4(OH)4g

core—shell heterostructures.
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Figure 2. Characterizations of CoygNi(OH)s¢@Co; gNiSg4(OH)4s core—shell heterostructure. a) TEM image. b) HAADF-STEM image and SAED
pattern (inset). ) HAADF-STEM image and corresponding EDS line scan. d) EDS mapping. e) High-resolution depth-profiling XPS spectra of S 2p.
f) XRD patterns of all samples. g) Elemental composition detected by XPS analysis.

Ni, and O elements on the whole sheet. In contrast, a distinct
sulfur-rich shell is clearly observed on the Co;gNi(OH)s @
Co;gNiSy4(OH),s sheet in both the line-scan (Figure 2c) and
elemental mapping results (Figure 2d). Such difference incon-
trovertibly manifests the core—shell textural nature for this
Co, gNi(OH)5 @ Co; gNiS( 4(OH), g heterostructure, which is fur-
ther verified by the depth-profiling X-ray photoelectron spectros-
copy (XPS) analysis. As shown in Figure 2e, the S 2p peak around
168.0 eV is evident in the Co;gNi(OH)ss@Co;gNiSy4(OH),g
surface, but gradually decreases with a deeper probing depth,
and finally disappears in bulk analysis. Inspiringly, attributed to
the precisely controllable ethanol-modified sulfurization strategy,
the thickness of this continuous and cotton-like hydroxysulfide
shell is less than 4 nm according to the EDS and XPS analysis,
smaller than most core-shell materials reported previously.l2¢33]
To further investigate the sulfurization process and com-
position transformation, the crystal phase and composition of
all samples were probed by X-ray diffraction (XRD) and XPS
measurements. The XRD pattern of Co;gNi(OH)ss reveals
a brucite structure with hexagonal lattice parameters of a =
0.3153 nm and ¢ = 0.4632 nm (Figure 2f).3* After surface
sulfurization in Na,S ethanol solution, no obvious differ-
ence can be observed for Co,gNi(OH)s @ Co;gNiSy4(OH)ys,
suggesting a slight transformation degree. In contrast, after
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deep sulfurization in Na,S aqueous solution, the peak inten-
sity is evidently decreased for Co,;NiS;¢(OH),,, indicating a
large-scale transformation of crystalline hydroxides into amor-
phous hydroxysulfides. This result also highlights the critical
role of the ethanol-modified sulfurization on the precise con-
trol of the Co;gNi(OH)s @Co;gNiSy4(OH),g core—shell het-
erostructure. Figure 2g summarizes the element contents of
all samples determined from the XPS surveys (Figure S10 and
Table S2, Supporting Information). It is revealed that with the
increase of the sulfurization degree, the S content increases as
expected (4.8 at% for Co;gNi(OH)s @Co;gNiSy4(OH),s and
15.9 at% for Co;;NiS;¢(OH),,), and the O content decreases
(68.6 at% for Co;gNi(OH)ss, 65.1 at% for Co,gNi(OH)s @
CoygNiSe4(OH)ss and 57.6 at% for Coy,NiS;s(OH),,),
indicating the gradual replacement of O by S element and
transformation of hydroxides to hydroxysulfides.

The characterizations above strongly indicate the suc-
cessful synthesis of precisely-controlled Co;gNi(OH)s @
Co;gNiS(4(OH),g core—shell heterostructure by the ethanol-
modified surface sulfurization. With a well preservation of
the bulk hydroxide core, an ultrathin cotton-like hydroxy-
sulfide shell less than 4 nm is generated via a moderate inter-
facial reaction. Along with the regulated electronic structure,
cotton-like surface shell, fully exposed active sites, and strongly
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Figure 3. OER performances of Co; gNi(OH)s5 @ Co; gNiSg4(OH)45 and control samples in O,-satuated 0.10 m KOH electrolyte. a) LSV curves obtained
with a scan rate of 5.0 mV s7\. The horizontal axis represents the potential versus reversible hydrogen electrode (RHE). b) Tafel plots. c) Figure of merit
with respect to both activity (the overpotential required to achieve 10 mA cm™2) and kinetics (Tafel slope), with references all measured in alkaline

electrolyte. d) Chronoamperometric response at an overpotential of 270 mV.

coupled heterointerfaces, Co; gNi(OH)s5 @ Coq gNiSg4(OH),g is
expected to be an attractive alternative for OER electrocatalysis.

The electrocatalytic performance of the as-obtained
Co; gNi(OH)s5 s@Co; gNiSy 4(OH)4g core—shell heterostructure
was investigated in 0.10 v KOH on a three-electrode configura-
tion with an areal loading of 0.25 mg cm™. To avoid the influ-
ence of the oxidation current of Co?* and Ni** to Co** and Ni**,
respectively, the linear sweep voltammetry (LSV) polarization
curves were swept from the high to low potential.?s As shown
in Figure 3a, Co;gNi(OH)s5s@Co;gNiSy4(OH),s exhibits the
lowest overpotential of 274.0 mV at 10 mA cm™ (). It is
much lower than Co; gNi(OH)s ¢ (390.2 mV), Co, 7NiS; 4(OH),,
(326.1 mV), and the commercial Ir/C catalyst (370.1 mV),
indicating a superior OER activity of the Co;gNi(OH)s @
CoygNiS(4(OH),s heterostructure. Tafel slope was employed
to investigate the OER kinetics.”) As drawn in Figure 3b,
Co; gNi(OH)s5 s@Co; gNiS 4(OH)4 ¢ exhibits a Tafel slop as low
as 45.0 mV dec”!, which is much smaller than other catalysts
(71.2-89.1 mV dec!). The catalyst with a lower Tafel slope
favors accelerating the OER process with improved kinetics.
As a result, Co;gNi(OH)s @CogNiSy4(OH)sg can deliver a
higher current density driven by the same overpotential, and
achieve a high current density of 40.0 mA cm™ at an overpo-
tential of 324.0 mV, which is over sevenfold that of Ir/C catalyst
(Figure 3a). With regard to both activity and kinetics,
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Co, gNi(OH)5 s@Co; gNiS(4(OH)45 is demonstrated as an out-
standing OER electrocatalyst, which is remarkably superior to
Co;gNi(OH)s¢ and Coq;NiS;¢(OH),,), and also among the
best results of similar materials reported so far (Figure 3c and
Table S1, Supporting Information).[!1:17:21:3]

It is widely accepted that the catalyst surface undergoes con-
siderable transformation under oxidizing potentials during
OER,?*?7 which is more noteworthy in the case of transition
metal sulfides/hydroxysulfides.?!! Therefore, the long-term
durability of Co;gNi(OH)ss@Co;gNiSy4(OH),s was further
investigated at a constant overpotential of 270 mV, and the
structure and composition of the sample after electrocatalysis
were characterized by TEM and XPS. As shown in Figure S11
in the Supporting Information, the hexagonal plate-like mor-
phology of Co; gNi(OH)s5 @ Co; gNiSo4(OH), is well preserved
after long-term OER. A part of Co*" and Ni** in the original
Co; gNi(OH)5 s@Co; gNiS4(OH)4g sample is converted into
Co** and Ni** (Figure S12, Supporting Information), which is
widely observed on hydroxide-based OER electrocatalysts.[®!
Notably, the S content is slightly reduced during the OER
process due to the sulfur redox (Figure S13, Supporting Infor-
mation),?”] which is measured to be =2.0 at% by both EDS and
XPS and about 42% of the original one (4.8 at%). It indicates
that the CoNi hydroxysulfide shell may experience a mild reor-
ganization during OER toward a more stable and active phase.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Enhanced OER performances arising from the novel structural features. a) High-resolution S 2p XPS spectrum of Co;gNi(OH)s @
Coy gNiSq4(OH)4s. b) High-resolution Co 2p XPS spectra of Co; gNi(OH)s ¢@Co; gNiSg4(OH)4 5 and control samples. c) Nyquist plots obtained from
EIS measurements at a potential of 1.78 V versus RHE. d) Charging current density differences plotted against scan rates. The linear slope, equivalent
to twice the double-layer capacitance Cy, is employed to represent the ECSA.

Consequently, Co; gNi(OH)5 @ Co; gNiSg 4(OH), g exhibits a good
long-term durability for OER process around the current density
of =10 mA cm™? (Figure 3d). The slight increase of the response
current density before 5000 s can be ascribed to the in situ gained
surface area and active sites from the sulfur redox.?”-38!

The superior OER electrocatalytic activity of Co; gNi(OH)s5 s@
Co, gNiS(4(OH), ¢ can be first attributed to the electronic engi-
neering effect derived by anion regulation (S?7/OH-).183
Because sulfur has higher polarization ability and lower elec-
tronegativity than oxygen, the moderate replacement of oxygen
by sulfur is able to regulate the electronic structure toward
optimal intrinsic OER activities.'”#% The incorporated sulfur
in Co;gNi(OH)s @ Coq gNiSg4(OH), g is shown to interact with
metal cations in the hydroxysulfide phase (Figure 4a). Compared
with oxygen, sulfur can afford more electrons to the 3d orbits
of Co and Ni, thus modifying the electronic structure of active
sites. However, its excessive incorporation by deep sulfurization
will result in a too negative electronic field, which is unfavorable
for OER on the contrary. As shown in Figure 4b, the Co 2p
peaks of three samples gradually shift to lower binding energies
with the increase of S contents. The sulfur atoms afford more
electrons than those of original one in pristine Co; gNi(OH)s ¢
hydroxides. However, the Co;gNi(OH)s5 @ Co;gNiSy4(OH)4s

Adv. Mater. 2019, 31, 1805658
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sample with a relatively small shift exhibits the best OER
activity. Besides, though the S content in Co;gNi(OH)s; @
Co, gNiSy4(OH),5 (4.8 at%) is less than one-third of that in
Coy7NiS;4(OH),, (15.9 at%), the former OER activity and
kinetics are significantly superior to those of Co; 7NiS; (OH), ,.
These results suggest the remarkable importance of the unique
core-shell heterostructure in addition to the anion regulation
on the activity enhancement.

To gain more insights into the roles of sulfur incorporation
and core-shell heterostructure in promoting the OER activity,
the electrochemical impedance spectroscopy (EIS) and electro-
chemically active surface (ECSA) of all samples were explored.
As revealed in Figure 4c, the charge transfer resistance of
Co, 7NiS; 4(OH),, is smaller than Co;gNi(OH)s4, and that of
Co, gNi(OH)s s@Co; gNiS( 4(OH), 5 is further decreased. On the
one hand, the suitable incorporation of sulfur with higher polar-
izability and less electronegativity than original oxygen is able
to improve the charge transfer through inducing the delocaliza-
tion of metal d-electrons.*!l On the other hand, the ultrathin
hydroxysulfide shell and strongly coupled heterointerfaces
may also alter the electronic structure and benefit the charge
transfer. Consequently, more CoNi species in Co; gNi(OH)s ;@
Co;gNiS(4(OH),s can be converted into high-valence cations

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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during the OER process, suggested by the larger redox peak
in LSV (Figures S12 and S14, Supporting Information). The
high-valence metal species, like NIOOH and CoOOH, possess
superior activity to low-valence ones,*?! thereby leading to an
enhanced OER activity.

The ECSA is represented by the electrochemical double-layer
capacitance (Cg). As discussed earlier, the surface sulfurization
leads to the formation of a cotton-like crystalline disordered
hydroxysulfide shell, and the disordered extent can be further
boosted by the sulfur redox conversion during OER electrocatal-
ysis. Consequently, Co; gNi(OH)s @ Coq gNiS(4(OH),¢ delivers
an apparently higher ECSA than Co,gNi(OH)s; (Figure 4d).
The much lower ECSA of Coy;NiS;4(OH),, can be rational-
ized by the aggregation of sulfurized clusters and stacking of
the hydroxysulfide sheets induced by the excessive sulfurization
treatment.[3! Therefore, the Co; gNi(OH)s s@Co gNiSo4(OH), g
sample affords a favorable surface with abundant and fully
accessible active sites. Meanwhile, the coupling of such defec-
tive hydroxysulfide shell with relatively stable hydroxide core
also plays a vital role in enhancing the electrocatalytic dura-
bility compared with Co;gNi(OH)ss and Co;;NiS;¢(OH),,
(Figure S15, Supporting Information).

The CoNi core—shell heterostructure was constructed with
an ultrathin cotton-like hydroxysulfide shell uniformly in situ
generated on the plate-like hydroxide surface, with the forma-
tion of highly active heterointerfaces. First, the controllably
incorporated sulfur suitably regulates the electronic structure,
leading to a high intrinsic electrocatalytic activity. Second, the
formation of the ultrathin cotton-like structure facilitates full
exposure of active sites and highly active heterointerfaces. Addi-
tionally, the delocalization of the metal d-electrons induced by
introduced sulfur and strongly coupled interface greatly facili-
tate charge transfer process. Furthermore, the stable core—shell
heterostructure contributes to an obviously improved elec-
trocatalytic durability. Taken together, the synergy of the high
intrinsic activity and favorable extrinsic characters make it an
attractive electrocatalyst for OER process.

In summary, a Co;gNi(OH)s@Co;gNiSy4(OH),g core—
shell heterostructure has been proposed and fabricated by
an ethanol-modified surface sulfurization, aiming at a fully
enhanced OER performance for CoNi compounds. The cotton-
like crystalline disordered hydroxysulfide shell can be con-
trolled as thin as 4 nm due to the moderative interfacial reac-
tion. The as-obtained Co;gNi(OH)s @ Co;gNiSy4(OH),s was
demonstrated as a superior OER catalyst, with a remarkably
decreased overpotential (274.0 mV required for 10.0 mA cm™2),
a significantly low Tafel slope (45.0 mV dec™!), and a favorable
long-term stability. It is ascribed to the synergistic effects of
the electronic engineering by the sulfur incorporation and
interface engineering by the core—shell heterostructure,
including moderately regulated electronic structure, remark-
ably facilitated charge transfer, fully exposed active sites, and
strongly coupled heterointerface. The design principle and
synthetic strategy for such core-shell heterostructure present
in this work are inspiring and applicable for a wide range of
materials, and expected to open up new avenues for the devel-
opment of advanced materials for various energy applications,
such as water splitting, batteries, nitrogen reduction, and
SO on.
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