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a b s t r a c t 

To satisfy the rapid development of gas-involving electrocatalysis (O 2 , CO 2 , N 2 , etc.), nanostructured 

electrocatalysts with favorably regulated electronic structure and surface nanostructures are urgently 

required. Herein, we highlighted a core-branch hydroxysulfide as a significantly enhanced oxygen 

evolution reaction electrocatalyst. This hydroxysulfide was facilely fabricated via a versatile interfacial 

reaction in S 2 − inorganic solution at room temperature for a designed period. The moderative growth 

kinetics contributed to the growth of interconnected hydroxysulfide nanosheets with high-sulfur contents 

on the hydroxide precursor substrates, resulting in a hierarchical nanostructure with multifunctional 

modifications, including regulated electronic structure, rapid electron highway, excellent accessibility, 

and facilitated mass transfer. Such synthetic methodology can be generalized and facilely governed by 

regulating the temperature, concentration, duration, and solvent for targeted nanostructures. Contributed 

to the favorably regulated electronic structure and surface nanostructure, the as-obtained core-branch 

Co 2 NiS 2.4 (OH) 1.2 sample exhibits superior OER performance, with a remarkably low overpotential (279 mV 

required for 10.0 mA cm 

−2 ), a low Tafel slope (52 mV dec −1 ), and a favorable long-term stability. This 

work not only presents a promising nanostructured hydroxysulfide for excellent OER electrocatalysis, but 

also shed fresh lights on the further rational development of efficient electrocatalysts. 

© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

Nanostructured electrocatalysts with effective active sites and

favorable local environments are urgently required in view of the

rapid development of gas-involving electrocatalysis (O 2 , CO 2 , N 2 ,

etc.) [1,2] . On one hand, the active sites are responsible for the ad-

sorption of reactants, bond breaking and forming, interfacial charge

transfer, and desorption of products, which can be optimized by

the regulation of electronic structures via heteroatom doping [3] ,

defects [4] , anion and cation modulation [5] , etc. On the other

hand, the local environment can also play critical roles on the

electrocatalytic process [1,6] by affecting the active site accessi-

bility, mass diffusion, concentration gradient, and electrochemical

double-layer, which can be governed by the surface nanostructure
∗ Corresponding author. 
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r chemical modification [7,8] . Oxygen evolution reaction (OER),

ne of the most representative and crucial gas-involving electro-

atalysis, is coupled with various renewable energy systems and

ignificant for the future energy scenario [9] . It involves a multi-

tep electron transfer process (4OH 

− → 2H 2 O + O 2 + 4e −) and thus

onsiderably suffers from sluggish kinetics [10] . To date, although

recious metal oxides (such as IrO 2 and RuO 2 ) have demonstrated

xcellent OER activities [11] , their low abundance, high cost, and

oor durability prohibit the practical applications. Instead, vari-

us transition-metal-based catalysts (such as oxides [12,13] , chalco-

enides [14,15] , nitrides [16] , and phosphides [17] ) have been pro-

osed and demonstrated promising OER reactivity, emerging as a

ersatile family of alternatives. 

Among them, the sulfur-containing compounds, such as sul-

des [18,19] and hydroxysulfides [20–23] , have recently drawn

articular attention due to their superior activity, remarkable sta-

ility, economic viability, and tunable features [24] . Generally, a

elatively high sulfur anion content is desired for sulfur-containing

ompounds with excellent intrinsic OER activity [25] . The
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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ncorporation of sulfur can efficiently regulate the electronic struc-

ure through anion regulation [5] . Moreover, the dual-ligand syn-

rgistic modulation derived by S 2 − and OH 

− in hydroxysulfides

enders a further optimized binding energies between metal and

nion ligands, thereby resulting in significantly enhanced OER

erformance [22,26] . Besides, by introducing sulfur anions into

ransition-metal compounds with favorable architecture, both high

ntrinsic activity and favorable extrinsic physicochemical characters

an be simultaneously achieved, such as CoS x cube [26] , NiS frame

27] , Co 9 S 8 @MoS 2 core-shell structure [28] , Fe 11.8% -Ni 3 S 2 particle

lm [29] , CuCo 2 S 4 sheets [30] . Nevertheless, a high-content sul-

ur always results in an undesired aggregation of sulfurized clus-

ers [31] , which is mainly attributed to the adoption of less mild

abrication conditions for a desired composition [32,33] , and/or in-

erent limitations of employed synthetic methods [34] . It signif-

cantly hinders the design and development of advanced nanos-

ructured materials for optimal energy electrocatalysis. Therefore,

he smart material design and versatile synthetic strategy are

rgently required for the controllable construction of advanced

ulfur-containing compounds, aiming at comprehensively optimiz-

ng both the electronic structures for active sites and the surface

anostructure for local environment. 

Herein, we proposed an emerging core-branch hydroxysulfide

ith fully-exposed high-sulfur transition-metal compounds and

ighly-opened porous surface, which can be facilely fabricated

y a moderative interfacial growth methodology. The core-branch

tructure is confirmed by the detailed structural and compo-

ition characterizations at both bulk and surface regions. The

ulfur-enriched surface provides abundant highly active sites with

avorable electronic structure, while the interconnected porous

caffold ensures a beneficial local environment for mass transfer

nd triple-phase reactions. As a result, the constructed core-branch

oNi hydroxysulfide exhibits superior OER performance with re-

arkably low overpotential (279 mV required for 10.0 mA cm 

−2 ),

ow Tafel slope (52 mV dec −1 ), and favorable long-term stability.

he structure-property relationship is carefully elucidated and the

ynthetic methodology is also investigated. 

. Experimental 

.1. Synthesis of hydroxide precursors 

The Co 1.8 Ni(OH) 5.6 hydroxide substrate was prepared by

 homogeneous precipitation method. Typically, CoCl 2 ·6H 2 O,

iCl 2 ·6H 2 O and hexamethyleneteramine (HMT) were dissolved

n 400 mL deionized water with concentrations of 4.0, 2.0 and

6.0 mM, respectively. Then, the as-obtained solution was heated

t 95 °C for 10 h under Ar flow and magnetic stirring, during which

 green precipitate was generated. After cooled to room tempera-

ure under Ar protection, the hydroxides were collected by subse-

uent filtrating, washing with ethanol and deionized water, and fi-

ally air-drying for 24 h. The Co(OH) 2 substrates was prepared with

.0 mM CoCl 2 ·6H 2 O and no NiCl 2 ·6H 2 O in the synthetic system un-

er otherwise identical conditions. 

.2. Synthesis of hydroxysulfides 

The Co 2 NiS 2.4 (OH) 1.2 , Co 2.1 NiS 3 (OH) 0.2 , Co 1.9 NiS 1.7 (OH) 2.4 , and

o 1.9 NiS 0.4 (OH) 5 hydroxysulfides were prepared by simply immers-

ng Co 1.8 Ni(OH) 5.6 in 2.0 M Na 2 S solution at room temperature

or 120, 170, 24, and 15 h, respectively, with subsequent filtrat-

ng, washing with ethanol and deionized water and air-drying

or 24 h. The solid-to-liquid mass ratio in the immersing system

s 1: 40. Co 2 S 0.9 (OH) 2.2 was synthesized with a 120 h immers-

ng duration and Co(OH) 2 as substrate under otherwise identical

onditions. The Co NiS (OH) –HT hydroxysulfide was prepared
1.9 2.6 0.6 
hrough immersing Co 1.8 Ni(OH) 5.6 in 2.0 M Na 2 S for 15 h at 100 °C.

uch sample was finally achieved after subsequent filtrating, wash-

ng with ethanol and deionized water, and air-drying for 24 h. A

rief summary of synthetic conditions for all the samples was also

resented in Table S1. All the samples were synthesized under an

mbient atmosphere. The material formulas are obtained from the

PS data, with biding energy determining the valence states of

pecies and considering composition and electric neutrality. Taking

o 2 NiS 2.4 (OH) 1.2 as example, both Co and Ni cations are revealed to

e + 2 valence state and S anions are − 2 ( Fig. 4 (a) and (b)). Then

onsidering the composition and electric neutrality, the formula is

ecogonized as Co 2 NiS 2.4 (OH) 1.2 . 

.3. Characterization 

A spherical aberration corrected transmission electron micro-

cope (TEM) instrument (FEI Tecnai G2 F20) operated at 300 kV,

 JEM 2010 (JEOL Ltd., Tokyo, Japan) operated at 120.0 kV, and a

canning electron microscope (SEM, JEOL JSM-7401F) operated at

.0 kV were used to probe the morphology and structure of sam-

les. Aiming at limiting beam damage in high-voltage spherical

berration corrected TEM, the beam intensity is limited around

.6 × 10 5 A m 

−2 and a short collection duration of about 3 min

as also employed when energy disperse spectrometer (EDS)

easuring. Under these conditions, the spatial resolution is less

han 0.08 nm. Crystal phases were investigated by X-ray diffrac-

ion patterns recorded on a Bruker D8 Advance diffractometer

t 40.0 kV and 120 mA with Cu- K α radiation. X-ray photoelec-

ron spectroscopy (XPS) was measured by ESCALAB 250xi, with

onochromatic Al K α as the excitation source. 

.4. Electrocatalytic performance evaluation 

A three-electrode electrochemistry workstation (CHI 760D, CHI

nstrument, USA) was used for electrocatalytic measurements, with

 platinum sheet and saturated calomel electrode (SCE) as counter

nd reference electrode, respectively. A rotating disk (RDE, Pine Re-

earch Instrument, USA) is used as working electrode with an areal

oading of 0.25 mg cm 

−2 at 1600 rpm. The electrolyte is 0.10 M KOH

nd all the tests were carried out at 25 °C. Linear sweep voltam-

etry (LSV) was recorded with 95% iR-compensation at 5.0 mV s −1 .

he equation η = E versus SCE + 0.592 pH + 0.241 − 1.23 was used to

alculate the overpotential ( η). Tafel slope was calculated through

he equation η = b log( j/j 0 ), where η is the overpotential, b is the

afel slope, j and j 0 represent the current density and exchange

urrent density, respectively. A set of scan-rate dependent capaci-

ance currents were measured to determine the electrochemically

ctive surface area (ECSA) through cyclic voltammetry (CV). The

otential window versus reversible hydrogen electrode (RHE) is

.00–1.05 V and the scan rates ranged from 10 to 100 mV s −1 . Elec-

rochemical impedance spectroscopy (EIS) was measured at an OER

otential of 1.78 V vs. RHE, with a frequency range of 10 −1 –10 5 Hz

nd an amplitude of 5.0 mV. 

. Results and discussion 

The core-branch CoNi hydroxysulfides (Co 2 NiS 2.4 (OH) 1.2 ) were

abricated via the controllable interfacial growth, as illustrated

n Fig. 1 (a). First, CoNi hydroxides (Co 1.8 Ni(OH) 5.6 ) were synthe-

ized as precursors and substrates in advance. Their nucleation and

rowth was decelerated and prolonged by the protection of inert

as from oxidation and CO 3 
2 − intercalation [35] , thereby result-

ng in a hexagonal plate-like morphology (Fig. S1). Then the as-

btained CoNi hydroxides were immersed in a 2.0 M Na 2 S aqueous

olution for 120 h under room temperature, during which the sur-

ace layer was sufficiently converted into hydroxysulfides, owing
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Fig. 1. Synthesis and characterizations of Co 2 NiS 2.4 (OH) 1.2 hydroxysulfide. (a) Schematic illustration of the fabrication of Co 2 NiS 2.4 (OH) 1.2 , (b) TEM image, (c) HAADF-STEM 

image and (d) and (e) corresponding SAED patterns of different areas, (f) XRD patterns of Co 2 NiS 2.4 (OH) 1.2 and Co 1.8 Ni(OH) 5.6 , (g) HAADF-STEM image and corresponding EDS 

mapping, (h) elemental compositions in different areas measured by EDS, (i) elemental compositions detected by XPS. 
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to their markedly distinct solubilities ( K sp ) [21] . For the elucida-

tion of structure-property relationships, two control samples were

prepared with an immersing duration of 24 h (Co 1.9 NiS 1.7 (OH) 2.4 )

and 170 h (Co 2.1 NiS 3 (OH) 0.2 ), respectively, under otherwise iden-

tical conditions (Table S1). Besides, a monometallic counterpart

(Co 2 S 0.9 (OH) 2.2 ) was also synthesized when using Co(OH) 2 instead

as the precursor (see details in Supporting Information). 

The hierarchical morphology and chemical composition of as-

fabricated hydroxysulfides were systematically characterized by

transmission electron microscope (TEM), X-ray diffraction (XRD),

energy-dispersive X-ray spectrometry (EDS), and X-ray photoelec-

tron spectroscopy (XPS). As shown in Fig. 1 (b), plenty of crin-

kled hydroxysulfide nanosheets are interconnected and assem-

bled into a large plate-like structure for Co 2 NiS 2.4 (OH) 1.2 , which

is apparently different from the Co 1.8 Ni(OH) 5.6 precursor (Fig. S1).

The hydroxysulfide nanosheets are supposed to be generated

from the surface of the hydroxide substrate during the interfacial
eaction, while the bulk serves as a core matrix for the self-

ssembly of such a hierarchical structure. The in-situ generated hy-

roxysulfide nanosheets are ultrathin with a thickness dominantly

ess than 3 nm, benefiting the sufficient exposure of active sites

Fig. S2). When conducting the selected area electron diffraction

SAED) analysis at different regions in the Co 2 NiS 2.4 (OH) 1.2 sample

 Fig. 1 (c)), sets of relatively clear hexagonal spots can be observed

n the bulk part ( Fig. 1 (d)), while basically broad rings with few

lear spots are obtained in the surface part ( Fig. 1 (e)), indicating

lightly different crystallinities. A set of brucite-like characteristic

eaks (JCPDS No. 89-8616) can be observed in the XRD spectra

 Fig. 1 (f)), representing a R 3 m symmetry and hexagonal lattice for

oth Co 2 NiS 2.4 (OH) 1.2 and Co 1.8 Ni(OH) 5.6 . The peak intensities for

o 2 NiS 2.4 (OH) 1.2 are evidently lower than those for Co 1.8 Ni(OH) 5.6 

recursor, which can be ascribed to the lower crystalline or lat-

ice mismatch in the surface nanosheets [36] , in consistent with

he SAED results [35,37] and high-resolution TEM image (Fig. S3).
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Fig. 2. OER performances of Co 2 NiS 2.4 (OH) 1.2 and control samples measured at 25 °C. (a) LSV curves obtained at a scan rate of 5.0 mV s −1 (the horizontal axis represents the 

potential versus reversible hydrogen electrode (RHE)), (b) Tafel plots, (c) figure of merit with respects to both activity and kinetics, with references all measured in alkaline 

electrolyte with RDE as working electrodes, (d) chronoamperometric response at an overpotential of 275 mV. 
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urthermore, it is notable that the EDS analysis ( Fig. 1 (g) and (h),

ig. S4) exhibits a remarkably higher sulfur content of 24.7 at% for

he surface hydroxysulfide sheets (area 2 in Fig. 1 (g)) than that for

he core substrate (area 1 in Fig. 1 (g), 5.8 at%), suggesting the dif-

erent compositions between the core and branch parts. The sur-

ace sulfur content is also detected to be as high as 22.1 at% by XPS

 Fig. 1 (i)), which is among the high level of similar hydroxysulfides

nd even comparable to that of sulfide materials reported so far

Table S2) [18,20–23,25,26,38–40] . This phenomenon indicates that

he interfacial growth is prominently more efficient than surface

ulfurization in introducing high-content sulfur phase. 

Moreover, the sulfur content can be facilely increased by simply

egulating the synthetic conditions, such as the immersing dura-

ion and/or S 2 − concentration. With a longer immersing duration

f 170 h, the resultant Co 2.1 NiS 3 (OH) 0.2 presents a similar nanos-

ructure but an increased sulfur content of as high as 47.4 at% than

o 2 NiS 2.4 (OH) 1.2 (Fig. S5). In contrast, Co 1.9 NiS 1.7 (OH) 2.4 , the one

ith a much shorter sulfurization time, still exhibits a 2D plate-

ike morphology similar to the hexagonal hydroxide precursor, and

 lower sulfur content of 14.1 at% (Fig. S6). Therefore, the above

esults reveal that the proposed interfacial growth strategy is ver-

atile and moderate for the targeted fabrication of nanostructured

atalysts with favorable chemical compositions and surface mor-

hologies, which can also be expanded to other materials, such

s monometal hydroxides (Fig. S7) and layered double hydroxides

Fig. S8). Both the local structural and composition characteriza-

ions confirm the successful fabrication of a highly-opened core-

ranch CoNi hydroxysulfide, which exhibits several advantageous

eatures: (1) fully exposed and accessible active sites due to the

orous surface branches, (2) self-assemblied hierarchical structure

esisting the nanoscale aggregation, (3) high-content of sulfur ben-

ficial for intrinsic activity. With the regulated electronic structure

nd favorable porous architecture, the as-fabricated core-branch

o 2 NiS 2.4 (OH) 1.2 is thus expected to be an attractive candidate for

ER electrocatalysis. 
The electrocatalytic performance of as-fabricated hydroxysul- 

des was investigated on a rotating disk electrode (RDE) with an

real loading of 0.25 mg cm 

−2 in 0.10 M KOH. To avoid the dis-

urbance from the oxidation current of Ni 2 + to Ni 3 + and Co 2 + 

o Co 3 + , the linear sweep voltammetry (LSV) polarization curves

ere swept from the high to low potential [36] . As shown in

ig. 2 (a), Co 2 NiS 2.4 (OH) 1.2 , Co 1.9 NiS 1.7 (OH) 2.4 , and Co 2.1 NiS 3 (OH) 0.2 

ll present lower onset potentials and larger current densities than

he Co 1.8 Ni(OH) 5.6 precursor, indicating an obviously improved OER

lectrocatalysis originated from the sulfur incorporation. Among

hese hydroxysulfide samples, the core-branch Co 2 NiS 2.4 (OH) 1.2 ex-

ibits a higher reactivity than the plate-like Co 1.9 NiS 1.7 (OH) 2.4 with

 lower sulfurization degree, as well as the Co 2.1 NiS 3 (OH) 0.2 sample

ith a similar nanostructure but higher sulfur content. It highlights

he vital role of a moderately high sulfur content and fully ex-

osed architecture in optimizing the electrocatalytic performance.

otably, evident peaks are arisen around 1.2 V (vs. RHE) in the LSV

urves, which are attributed to the redox process of Ni 3 + to Ni 2 + 

nd Co 3 + to Co 2 + . A larger peak area indicates a higher trans-

ormation degree of metal cations in pristine catalysts to higher

alance state species, which possess superior OER activity to the

ow ones and are more favorable for the electrocatalytic process.

o 2 NiS 2.4 (OH) 1.2 presents a prominently higher redox peak than

thers, further verifying the benefit of controllable anion regula-

ion and the unique nanostructure in OER electrocatalysis through

he controllable sulfurization in this work. In addition, the OER

ctivity of Co 2 NiS 2.4 (OH) 1.2 is also significantly superior to that

f Co 2 S 0.9 (OH) 2.2 , which can be attributed to the partial-charge-

ransfer effect [33,41] , revealing the preference of mixed metals

ather than a highly stable monometallic material towards fully en-

anced activities. 

Tafel slope is employed to probe the OER kinetics [42] .

s shown in Fig. 2 (b), Co 2 NiS 2.4 (OH) 1.2 delivers a Tafel slop

s low as 52 mV dec −1 . It is much lower than those of

o NiS (OH) (61 mV dec −1 ), Co NiS (OH) (63 mV dec −1 ),
1.9 1.7 2.4 2.1 3 0.2 
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Fig. 3. Enhanced OER performances attributed to the regulated electronic and surface structures. (a) High-resolution S 2 p and (b) high-resolution Co 2 p XPS spectra of 

Co 2 NiS 2.4 (OH) 1.2 and control samples, (c) ECSA estimation based on charging current density differences plotted against scan rates, (d) Nyquist plots obtained from EIS 

measurements. 
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Co 2 S 0.9 (OH) 2.2 (53 mV dec −1 ), and Co 1.8 Ni(OH) 5.6 (80 mV dec −1 ), in-

dicating accelerated kinetics for the constructed hydroxysulfides.

As a result, Co 2 NiS 2.4 (OH) 1.2 delivers a considerably higher current

density at the same driven overpotential ( η), obtaining a current

density of 40.0 mA cm 

−2 at η ≈ 310 mV, which is around ten-fold

the current densities of the Co 1.8 Ni(OH) 5.6 precursor and commer-

cial Ir/C catalysts. The distinct activities and kinetics also suggest

a changed active species and rate limiting step for Co 2 NiS 2.4 (OH) 1.2 

[43] . Taking the overpotential required for 10 mA cm 

−2 ( η10 ), corre-

sponding to 10% efficient solar water-splitting [44] , and Tafel slop

as OER performance evaluation merits, Co 2 NiS 2.4 (OH) 1.2 is compre-

hensively compared with similar catalysts from this work and ref-

erences, with the regard to both activity and kinetics. As shown in

Fig. 2 (c), Co 2 NiS 2.4 (OH) 1.2 is demonstrated as an outstanding OER

electrocatalyst, which is greatly superior to other hydroxsulfide and

hydroxide samples, and even the precious Ir/C catalyst, and also

among the best results of similar sulfur-containing metal materials

reported so far (Table S3) [21,26,30,45–48] . 

Noteworthily, nanostructured electrocatalysts widely undergo

potential-induced property transformations during OER process,

including nanostructure, compositions, oxidation states and even

local/surface phases, which is more evident in the case of sulfur

containing compounds [45,49] . Accordingly, the long-term sta-

bility of Co 2 NiS 2.4 (OH) 1.2 and the characters of the sample after
lectrocatalysis are further investigated. As shown in Fig. S9,

he 3D nanostructure with hierarchical porous surface of

o 2 NiS 2.4 (OH) 1.2 is well preserved after long-term OER, indicating

 good structural stability. However, the surface sulfur content

etermined by XPS is obviously decreased from 22.1 to 13.8 at%,

hile the oxygen content is increased from 50.4 to 51.6 at%. It

ndicates a mild reorganization of Co 2 NiS 2.4 (OH) 1.2 surface by

xygen replacement, which mainly occurs on the surface within

everal nanometer depth, as revealed by the negatively correlated

 and S contents near the plate edge (Fig. S9(e) and (f)). It should

e noted that such surface reorganization is actually difficult to

void in heterogeneous electrocatalysis under a positive bias;

evertheless, it is not necessarily a bad thing. The reorganized

urface is expected to be more stable during operation conditions,

nd even further optimized active sites [50] , which is evidenced

y the favorable long-term durability at 10 mA cm 

−2 with an initial

ctivation period ( Fig. 2 (d)). 

These results indicate that remarkably enhanced OER perfor-

ance with superior activity, rapid kinetics, and favorable dura-

ility can be obtained for the novel core-branch CoNi hydroxy-

ulfide with both electronic structure and surface nanostructure

egulation. In the high-resolution S 2 p XPS profile ( Fig. 3 (a)),

he interaction between sulfur and metal ions can be revealed

or Co 2 NiS 2.4 (OH) 1.2 [28,51] . Ascribing to higher polarizability of
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Fig. 4. The vital role of controllable interfacial growth in the construction of core-branch hydroxysulfide. (a) TEM image, (b) SAED pattern, and (c) HRTEM image of 

Co 1.9 NiS 0.4 (OH) 5 . (d) TEM image, (e) SAED pattern, and (f) HRTEM image of Co 1.9 NiS 2.6 (OH) 0.6 –HT. (g) Elemental compositions detected by XPS. (h) XRD patterns. (i) LSV 

curves obtained at a scan rate of 5.0 mV s −1 . 
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ulfur than pristine oxygen in hydroxide matrix, the incorpora-

ion of sulfur into lattices is reported to disperse more electrons

o the 3 d orbits of cationic active sites, leading to a regulation to

he electronic structure. Notably, an insufficient incorporation of

ulfur affords a too strong positive electric field, which is not fa-

ilitated for efficient oxygen desorption. In contrast, an excessive

ntroduction results in a weak one, unfavorable for hydroxyl ad-

orption adversely [25] . The high-resolution Co 2 p profiles exhibit

 moderate biding energy shift of Co 2 NiS 2.4 (OH) 1.2 than that of

o 2.1 NiS 3 (OH) 0.2 compared to Co 1.8 Ni(OH) 5.6 precursors ( Fig. 3 (b)).

t indicates a controllable anion regulation in electronic structure

or Co 2 NiS 2.4 (OH) 1.2 , rendering a more balanced electric field for

ntermediate chemisorption and thus improved electrocatalytic ac-

ivities via anion regulation [20,21] . As a result, Co 2 NiS 2.4 (OH) 1.2 

xhibits higher OER reactivity than hydroxide precursors and

ther hydroxysulfide samples. Besides, more CoNi species in

o 2 NiS 2.4 (OH) 1.2 are converted into high-valence cations during

ER, suggested by the larger redox peak in LSV curves ( Figs. 2 (a)

nd S10) [52] . The high-valence metal species, like CoOOH and

iOOH, are believed to be crucial and beneficial to the higher

ER reactivities [53,54] . In addition, the impressive nanostructure

lso significantly contributes to the improved OER performance. As

hown in Fig. 3 (c), a prominently higher electrochemically active

urface area (ECSA) estimated by double-layer capacitance ( C dl ) is

btained by Co 2 NiS 2.4 (OH) 1.2 compared with other samples, sug-

esting a fully exposed nanostructure and considerably more ac-

essible active sites for electrocatalysis. The 3D interconnected hy-

roxysulfide framework and the delocalization of metal d electrons
erived from the sulfur introduction can lead to an electron and

harge highway [55] , as revealed by a lower electrochemically re-

istance of Co 2 NiS 2.4 (OH) 1.2 ( Fig. 3 (d)). Furthermore, the hierarchi-

al porous architecture of core-branch hydroxysulfides, constructed

y the interconnected macropores and meso/micro pores over the

hole scaffolds, provides a more favorable local environment com-

ared with the pristine hydroxide flakes, with abundant free chan-

els for mass transfer, facilitated ion insertion/extraction and gas

iffusion, which is significant for gas-involved triple-phase OER

rocess. 

To further probe the growth behavior and activity mechanism

or such interfacial engineered nanomaterials, two control samples

abricated in high temperature (Co 1.9 NiS 2.6 (OH) 0.6 –HT) and room

emperature (Co 1.9 NiS 0.4 (OH) 5 ), respectively, using the same short

mmersing duration (15 h), were further employed. With a short

eaction duration and slow growth kinetics, Co 1.9 NiS 0.4 (OH) 5 also

resents a plate-like morphology and a low sulfur content (4.6

t%) similar to Co 1.9 NiS 1.7 (OH) 2.4 ( Fig. 4 (a) and (g)). However, a

et of clear hexagonally arranged spots is shown in the SAED pat-

ern ( Fig. 4 (b)), which is the same as that for the hydroxide pre-

ursor (Fig. S1(c)). It reveals a hydroxide bulk and only a slight

ulfurization for Co 1.9 NiS 0.4 (OH) 5 due to the insufficient interfa-

ial reaction, which can also be manifested by the lattice fringes

hown in Fig. 4 (c). In spite of the short immersing duration, the

o 1.9 NiS 2.6 (OH) 0.6 –HT can also exhibit a 3D architecture with in-

erconnected nanosheets ( Fig. 4 (d)), which can be rationalized by

n expected acceleration in interfacial growth at a higher temper-

ture. Nevertheless, the core-branch structure cannot be obtained
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without new crystalline phases generated ( Fig. 4 (e) and (h)), and

obvious stacking of the hydroxysulfide sheets and aggregation of

sulfurized clusters ( Figs. 4 f and S11). Besides, the sulfur content of

Co 1.9 NiS 2.6 (OH) 0.6 –HT is detected as high as 45.6 at%, with almost

all original oxygen being replaced by sulfur ( Fig. 4 (g)). These re-

sults indicate that both temperature and immersing duration are

influential to the resultant materials, by determining the reaction

rate and transformation depth. Consequently, the Co 1.9 NiS 0.4 (OH) 5 
with insufficient regulation in electronic and surface structures and

the Co 1.9 NiS 2.6 (OH) 0.6 –HT with overdeveloped structure and com-

position both deliver a considerably inferior OER performance to

Co 2 NiS 2.4 (OH) 1.2 ( Figs. 4 (i) and S12). 

4. Conclusions 

An emerging core-branch CoNi hydroxysulfide has been ratio-

nally designed and facilely fabricated via a green and controllable

interfacial reaction by simply immersing hydroxide precursors in

S 2 − inorganic solution at room temperature for a designed pe-

riod. Crinkled and interconnected hydroxysulfide nanosheets with

high-sulfur content are vertically grow on the precursor substrate,

resulting in a hierarchical nanostructure with multifunctional mod-

ifications, including regulated electronic structure by anion regula-

tion, electron highway in the interconnected hydroxysulfide scaf-

fold, excellent accessibility, and facilitated mass transfer due to the

highly opened core-branch structure and ultrathin nanosheets. The

synthetic strategy can be expanded to other material system, and

can be facilely controlled by changing the temperature, concentra-

tion, duration, and solvent for targeted nanostructures. Contributed

to the regulated electronic structure and surface nanostructure,

the Co 2 NiS 2.4 (OH) 1.2 sample exhibits superior OER performance,

with a considerably decreased overpotential (279 mV required for

10.0 mA cm 

−2 ), a remarkably low Tafel slope (52 mV dec −1 ), and

a favorable long-term stability. This work not only demonstrates

a novel nanostructured hydroxysulfides for excellent OER elec-

trocatalysis, but also provides a new concept of interfacial engi-

neering and versatile synthetic methodology for the fabrication of

advanced materials with both electronic structure and surface

nanostructure regulation, which is instructive and promising in a

various field of electrocatalysis, such as oxygen evolution, hydrogen

evolution, carbon dioxide reduction, nitrogen reduction reactions. 
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