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ARTICLE INFO ABSTRACT

Water electrolysis has received great attention for producing hydrogen, but sluggish kinetics of oxygen evolution
reaction (OER) has remained a big challenge. Recently, cobalt sulfide materials have been widely explored as
great choice in highly efficient electrocatalysts due to their good electrical conductivity and bi-functionality
toward OER and hydrogen evolution reaction (HER). However, cobalt sulfide shows outstanding HER activity,
but its OER activity should be improved. Herein, hexagonal-phase cobalt sulfide (CoS) nanowires with abundant
stepped surfaces and defect sites were prepared via a seed-growth approach with silver sulfide (Ag.S) nano-
particles. The Ag,S-CoS hetero-nanowires (HNWs) exhibited excellent electrochemical performances for oxygen
evolution reaction (overpotential = 275 mV, Tafel slope = 77.1 mVdec™?, charge transfer resistance = 1.3 Q) in
1.0 M KOH solution. The origin of superior activity was investigated using a combined experimental and the-
oretical approach. This work highlights the importance of surface defects for improving oxygen evolution re-
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action performance of water electrolysis.

1. Introduction

Hydrogen has received significant attention as a next-generation
energy carrier [1] because it results in no CO, emission and has a higher
energy-to-weight ratio (33.3 kWh kg™ 1) [2] than other fossil fuels, such
as coal, natural gas, and petroleum. Currently, most hydrogen is pro-
duced through a process called steam reforming using fossil fuels [3].
As an eco-friendly approach, water electrolysis has been studied in-
tensively for a few decades. Water electrolysis can be divided into the
hydrogen evolution reaction (HER, cathodic reaction) and the oxygen
evolution reaction (OER, anodic reaction) [4,5]. The OER, which fol-
lows a 4-electron path, is significantly slower than the HER, which
follows a 2-electron pathway [6]. Therefore, the OER determines the
overall reaction rate of water electrolysis. Pt electrodes for the HER and
precious metal oxides such as IrO, and RuO, for the OER have been
considered state-of-the-art catalysts. Because of the high cost and poor
stability of these catalysts, various alternatives must be developed.

Currently, transition metal chalcogenides, such as sulfide, phos-
phide and selenide, have received much attention as bifunctional
electrocatalysts, showing activity for both the HER and the OER [7,8].
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Among these materials, cobalt sulfide electrocatalysts have been stu-
died intensively due to their superior electrical conductivity, acceptable
price and excellent stability over a wide range of pH and voltage [9,10].
Cobalt sulfide shows outstanding HER activity [11], but its OER activity
must be improved [12]. Cobalt sulfide has four kinds of crystalline
structures: CoS, CoS,, Co3S4, and CogSg [13]. The cobalt atoms are lo-
cated in an octahedral site in CoS and CoS, and in both tetrahedral and
octahedral sites in Co3S; and CooSg [14]. Octahedral Co atoms are
considered active sites in cobalt sulfide electrocatalysts for the OER. Ma
et al. have reported the activity order of CoS, > Co3S; > CooSg re-
lated to from the concentration of octahedral Co atoms [14]. Cai et al.
have demonstrated the outstanding OER activity of disordered struc-
tures of CoS, nanocubes, which possess abundant exposed octahedral
sites, and have shown the strong O-binding energy of defect sites of
CoS, via density functional theory (DFT) calculations. Likewise, the
cobalt sulfides have been widely exploited in many OER studies fo-
cusing on CoS,, Co3S4 and CogSg, but hexagonal phase CoS has been
rarely studied excepting a few reports. The few reports investigated
OER properties by combining Ni foam [15], MWCNT [9] and sub-
stituting phosphors [16]. Though they studied the hexagonal phase
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CoS, further studies on defect sites of the hexagonal phase CoS are still
needed to develop high performance OER catalysts.

Nanowire structures have been adapted in many electrocatalytic
applications, such as the OER, the HER, the oxygen reduction reaction
(ORR), and CO, electroreduction [17,18]. The NW network has su-
perior electrical conductivity, a high surface area, and better stability
than nanoparticles (NPs). Li et al. have shown that jagged PtNi alloy
nanowires exhibit 53-fold higher mass activity (13.6 A/mg,) for the
ORR than 10 wt% Pt/C electrocatalysts [19]. Xu et al. have fabricated
NiCoO nanowires for the OER and NiCoP nanowires for the HER,
showing 248 mV and 101 mV overpotentials, respectively [20]. There-
fore, the nanowire networks are proven to be excellent nanostructures
for various electrocatalytic applications.

Based on these two concepts, we fabricated Ag,S-CoS HNWs with
abundant stepped surfaces and defect sites using the Ag,S seeded
growth method. The synthesized Ag,S-CoS HNWs demonstrated con-
siderably improved OER activity compared to CoS NPs. This enhanced
property can be ascribed to the abundant stepped surfaces and defect
sites on the surface of the HNWs. The stepped surfaces and defect sites
can hold the exposed Co atoms in octahedral sites and are thus con-
sidered active sites of cobalt sulfide electrocatalysts. The oxygen
binding energies of Ag,S-CoS HNWs were much stronger than those of
CoS. The strong oxygen binding character of Ag,S-CoS HNWs originates
from the exposed active sites due to their hierarchical structure.

2. Experimental section
2.1. Materials

Cobalt nitrate hexahydrate (Co(NO3)»6H50, > 98.0%), Ag nitrate
(AgNO3, > 99.0%), sodium diethyldithiocarbamate (NaS,CN(C,Hs)o,
DDTC > 99.0%), oleylamine (C;gH37N, > 70.0%), potassium hydro-
xide (KOH, > 99.9%), ethanol (C,Hs0H, > 99.8%), n-hexane
(CeH14, > 99.0%) and isopropyl alcohol (C3H,OH, > 99.8%) were all
purchased from Sigma-Aldrich. Milli-Q ultra-pure water (> 18 MQ-cm)
was used in all experiments.

2.2. Electrocatalyst preparation

Ag->S-CoS HNWs were prepared by thermal decomposition of the
metal ion-DDTC complex Ag,Coy-(S;CN(CyHs)2)s. The precursor
powder was prepared by mixing 50 ml of a sodium DDTC aqueous so-
lution (2.50 mmol) with 50 ml of an aqueous solution containing silver
nitrate and cobalt nitrate hexahydrate in mole ratios (x:y) of 1:1, 1:4
and 1:8 (total concentration of metal ions = 1.25 mmol), followed by
washing with deionized (DI) water several times and drying in a va-
cuum oven. Fifty milligrams of precursor powder was heat-treated in a
tube furnace under a N, atmosphere at 180 °C for 30 min. The heat-
treated precursor was dissolved in 1 ml of oleylamine in a 25 ml three-
neck flask. The solution was degassed thoroughly under vacuum for 1 h
to prevent unintended oxidation. Thermal decomposition was con-
ducted at 150 °C for 60 min in a N, atmosphere. The resulting suspen-
sion was centrifuged, rinsed with a mixed solution of ethanol and n-
hexane several times, and dried in a vacuum oven overnight.

2.3. Characterization of Ag>S-CoS HNWs

The structures of the NWs were analyzed using transmission elec-
tron microscopy (TEM, 200 kV Talos F200X, FEI) and energy dispersive
X-ray spectroscopy (EDS). The NWs were structurally characterized
using a powder X-ray diffractometer (PXRD, SmartLab, Rigaku). Core-
level binding energies between Co and S atoms were measured using X-
ray photoelectron spectroscopy (XPS, K-alpha, Thermo VG Scientific)
with Al Ka radiation (1486.6 eV). All energy data were calibrated to a
carbon peak (284.8 eV).
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2.4. Electrochemical measurement

Electrocatalysts were tested with a conventional three-electrode
configuration with a potentiostat (Interface 1010E, Gamry Instrument).
Ag/AgCl (in 4.0 M KCl) and Pt wire were used as reference and counter
electrodes, respectively. A glassy carbon rotating disk electrode (RDE,
diameter = 5 mm, geometric surface area = 0.196 cm?) was used as the
working electrode. For preparation of catalyst inks, catalysts (5mg)
were dispersed in isopropyl alcohol (0.95ml) with 5wt% Nafion
(0.05ml) by sonication for 30 min. The catalyst ink samples (3.5 pl)
were dropped onto the glassy carbon electrode and dried under an in-
frared lamp for 20 min. All electrochemical measurements were con-
ducted in alkaline O»-saturated 1.0 M KOH media (pH 14). The applied
potentials in this work were referenced to a reversible hydrogen elec-
trode (RHE) through standard calibration. The OER was evaluated by
measuring linear sweep voltammetry (LSV) over a voltage range of
1.0-1.8 V with a scan rate of 5mV/s and a rotating speed of 1600 rpm.
All of the electrochemical measurements were corrected with iR cor-
rection using the CI method implemented in Gamry software. To
evaluate the charge transfer resistance, electrochemical impedance
spectroscopy (EIS) measurements were carried out by applying an ac
voltage of 10 mV in the frequency range of 100-0.1 kHz at 1.53V (vs.
RHE). A chronopotentiometry experiment with 10 mA/cm? was carried
out for the durability test. LSV was performed before and after the
durability test. Double layer capacitance (DLC) was analyzed by cyclic
voltammetry (CV) over a voltage range of 8.5-1.05 V with scan rates of
20, 40, 60, 80 and 100 mV/s. DLC was converted to a roughness factor
(RF), indicating the relative surface area, referenced to most active
electrocatalysts. Specific activity was calculated from the RF-normal-
ized LSV curve at 1.523 V.

2.5. Computational details

For theoretical investigation, GGA-level spin-polarized DFT calcu-
lations were performed using a Vienna ab initio simulation (VASP) code
with a plane wave basis set. The Perdew —Burke —Ernzerhof (PBE)
functional was used to treat electron exchange-correlation terms [21].
The DFT + U method was adopted for the localized Co 3d orbitals with
U = 3.52, as reported in previous research [22]. The cut-off energy was
400 eV, and the Brillouin zone was sampled with a 5x5x1 k-point mesh
with the Monkhorst-Pack scheme. The convergence criteria were set to
10~%eV and 0.01 eV/A for electronic and geometrical optimizations,
respectively. We constructed (100), (001), (101) and (102) slab models
consisting of three layers. The first layer was fixed on the bulk position.
The theoretical overpotentials were calculated by a reaction free energy
diagram, which is derived from the following equation:

AG(U) = AE—AEZPE—TAS—DEU

where AE is the reaction energy, AZPE represents the zero-point energy
correction, AS is the difference in entropy, and U is the applied po-
tential.

3. Results and discussion

Ag,S-CoS HNWs with abundant defect sites were synthesized using
simple thermal decomposition of the metal ion-DDTC complex. The
precursor was prepared by mixing metal precursor and sodium DDTC
with targeted compositions (Ag:Co = 1:1, 1:4, 1:8). The thermal de-
composition process was conducted at 150 °C for 60 min. At the initial
state of the synthesis, the Ag,S NPs were formed first and can be easily
synthesized, even at room temperature. With increasing temperature of
the solution, the CoS clusters were gradually generated by the thermal
decomposition of the Co-DDTC organometallic complex. This one-step
seeded growth has been used to synthesize a variety of binary hetero-
structures [23,24]. It has been reported that Ag,S NPs act as universal
seeds for the growth of other metal sulfide nanowires, such as ZnS, MnS
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Fig. 1. (a) TEM images, and (b) HRTEM of Ag,S-CoS_14; inset (b) is its fast Fourier transform (FFT)-selected area electron diffraction (SAED) pattern; yellow dotted
lines indicate stepped surfaces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and CdS, with many defects [25]. The CoS HNWs were successfully
grown on Ag,S NPs formed at the initial state of synthesis. To the best of
our knowledge, chemical synthesis of CoS nanowires has not yet been
reported.

The TEM images and size distributions of the synthesized Ag,S-CoS
HNWs with compositions of 1:1, 1:4, and 1:8 are shown in Fig. 1(a) and
Fig. S1(a-c). The lengths of Ag>S-CoS HNWs can be tuned by controlling
the ratio of Ag:Co; longer HNWs were formed as the ratio of Co/Ag
increased. At a precursor composition ratio > 1:4, the HNWs started to
increase in width. The lengths of Ag,S-CoS_11, Ag,S-CoS_14, and Ag,S-
CoS_18 were measured to be 87.7nm, 157.4nm, and 204.3 nm, re-
spectively. Ag>S-seeded growth of CoS HNWs is clearly verified by EDS
elemental mapping; Ag exists only at the seed, and Co exists only in the
body of the HNWs, as shown in Fig. S2. CoS is a hexagonal structure; S
atoms have a hexagonal close packed (HCP) structure, and Co atoms are
located in the octahedral sites. The octahedral sites of Co atoms are
considered active sites of cobalt sulfide electrocatalysts for the OER.
Therefore, the CoS phase of the Ag,S-CoS HNWs is beneficial for de-
signing highly active electrocatalysts. The Ag,S-CoS HNWs have ex-
cellent crystallinity (Fig. 1(b)). The hexagonal structure was confirmed
from the fast Fourier transformed diffraction pattern (inset of Fig. 1(b)).
Fig. 2 shows the X-ray diffraction (XRD) analysis of the synthesized
HNWs, indicating the mixed phase of Ag,S and CoS. As the Co/Ag ratio
was increased, the Ag,S phase indeed decreased. Zhu et al. have shown
that Ag,S plays an important role in the subsequent growth of hex-
agonal-phase ZnS [26]. Cubic ZnS NPs were obtained without Ag,S
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Fig. 2. PXRD analysis of Ag,S-CoS_11, Ag,S-CoS_14, and Ag,S-CoS_18.

seeds. Similarly, the CoS nanowires were not synthesized without Ag,S
NP seeds, as shown in Fig. S3. Interestingly, the synthesized CoS NPs
(CosS4) possess different crystalline phases of cubic structure than
Ag,S-CoS HNWs (Fig. S4(a-b)). The hexagonal phase of CoS is me-
tastable phase [27], compared to cubic phases such as CogSg, C03S,,
and CoS,. It can be known that Ag,S NP seeds force the CoS to grow
with the metastable phase. Additionally, XPS analysis was conducted to
identify chemical bonding states and elemental components of Ag,S-
CoS HNWs (see the Fig. S5(a-d), Table S2). All XPS spectra were cali-
brated with respect to C 1s peak (C—C, 284.8 eV). There exists four
deconvoluted Co 2ps/, peaks, which correspond to Co** (778.0eV),
Co?™ (781.2eV), and shakeup satellite (~ 783 and ~ 785 eV) peaks,
respectively, as shown in Fig. S5(a) [28]. The CoS is a non-stoichio-
metric compound, showing a mixed oxidation state of Co®>* and Co®*.
Fig. S5(b) indicates typical S 2p3,» and 2p; > spectra of metal sulfide,
located in 161.5 eV and 162.7 eV, respectively [29]. Ag 3ds,3 spectrum
corresponds to the Ag,S (367.9 eV) [30], as shown in Fig. S5(c). This
XPS analysis is well agreement with previous hexagonal phase CoS
reports [9,15,16]. Furthermore, XPS quantitative analysis was con-
ducted to confirm the surface composition of Ag,S-CoS HNWs. The XPS
compositions were calculated with the area under the spectrum and
sensitivity factors of each element [31]. As shown in Table S2, as in-
creasing Co compositions, it can be seen that relative compositions of
Ag are decreasing. This is same results with the EDS compositional
analysis (see the Table S1).

The electrochemical activities of the Ag,S-CoS HNWs toward the
OER were investigated by recording LSV over a voltage range of
1.0-1.8V (vs. RHE). Typically, the applied voltage, showing 10 mA/
cm? of geometric current density, minus 1.23V is considered the
overpotential for the OER. As shown in Fig. 3(a), Ag,S-CoS_14 exhibits
the best OER performance, with only 275 mV of overpotential. Only 9%
increase of overpotential for Ag,S-CoS_14 was achieved after 2 h of the
durability test at a constant current density of 10 mA/cm? (Fig. S6(a)).
The activity order 1is Ag,S-CoS_ 14 (275mV) > Ag,S-CoS_18
(334mV) > CoS (353mV) > Ag,S-CoS_11 (451 mV) > AgS.
Fig. 3(b) shows the Tafel plot, generally indicating the reaction kinetics
of the electrocatalysts. The Ag,S-CoS_14 HNWs possess the fastest ki-
netics and the lowest Tafel slope (77.1 mVdec™!; see Fig. 3(b)), while
the other electrocatalysts have higher slopes: Ag,S-CoS_18 = 92.1,
CoS = 93.0, and Ag,S-CoS_11 = 240 mVdec™'. The electrical con-
ductivity of the electrocatalysts is directly related to the charge transfer
resistance (Fig. S6(b)). Generally, nanowires with higher aspect ratios
show better electrical conductivity [32]. As expected, the longest HNW
(Ag,S-CoS_18) showed the lowest charge transfer resistance (only
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Fig. 3. (a) LSV and (c) Tafel plot for Ag,S, CoS, Ag>S-CoS_11, Ag,S-CoS_14, and Ag,S-CoS_18; all electrochemical measurements were conducted in O,-saturated

1.0 M KOH electrolyte.

1.3Q). Interestingly, the most active electrocatalyst is Ag,S-CoS_14,
which shows a relatively high resistance (2.5 Q). Ag,S, CoS, and Ag,S-
CoS_11 showed resistances of 8700, 3.2, and 250 , respectively.
To compare the intrinsic properties of electrocatalysts, electrochemical
DLCs were measured in the nonfaradic region. The RFs of each elec-
trocatalyst were calculated based on the DLC (Fig. S7 and Table S3).
Fig. S8(a) shows RF-normalized LSV curves for the electrocatalysts,
which indicate specific activity. RF-normalized current densities at
1.523V (300 mV of overpotential) are compared in Fig. S8(b). Ag,S-
CoS_14 HNWs exhibit 12-fold higher specific activity than CoS NPs. It
can be known that the Ag,S-CoS_14 HNWs pronounce an excellent OER
performance (275mV), when compared with recently reported CoS
works, as shown in Table S4. From the above electrochemical in-
vestigation, it should be clarified that the OER performance of Ag,S-
CoS_14 is much better than that of Ag,S-CoS_18, with better charge
transfer resistance. It can be expected that other factors indeed affect
OER activity in addition to than electrical conductivity. One possible
reason for the lower activity and the higher charge transfer resistance of
Ag>S-CoS_18 is the sulfur-terminated surfaces, which deactivate the
exposed octahedral Co sites. As shown in the EDS composition (Table
S1) and the XPS quantitative analyses (Table S2), the Ag,S-CoS_18
HNWs possess much a higher content of sulfur, compared to their
stoichiometric composition. Fig. S9 clearly shows the excess amount of
sulfur with a ratio of measured composition and their stoichiometric
one. In our synthesis of Ag,S-CoS HNWs, metal-DDTC complex was
used as a precursor of metal cations and sulfur anions. The Co-(DDTC),
precursor contains 2-times of sulfur atoms compared to the Ag-DDTC,
because Co has divalance ionic state. Thus, as we increase the Co
composition, the amount of sulfur anions will be excessed gradually.
To understand the unique electrochemical properties of Ag,S-CoS
HNWs, we conducted DFT calculations on various slabs of hexagonal-
phase CoS. We modeled the (100), (101), (101), and (102) slab surfaces
consisting of 16 Co atoms and 16 S atoms. Each of these surfaces have
several terminations. We derived the most stable termination of each
surface by calculating the surface energies. The modeled (101) and
(102) surfaces are shown in Fig. S10(a-b). Based on the modeled slabs,
the Gibbs free energy diagrams were calculated for the OER, as shown
in Fig. 4(a-b). As expected, the higher-indexed surfaces, such as (101)
and (102), have much lower theoretical overpotentials. These better
OER properties are due to the higher oxygen binding energies of the
surfaces. Xia et al. reported that NiCoSe nanoarrays with stepped sur-
faces exhibited good OER performance [33]. Additionally, Kibsgaard el
al. engineered the surface structure of MoS, to preferentially expose
edge sites to achieve improved electrocatalysis [34]. In addition to the
stepped surfaces, the Ag,S-CoS HNWs have very abundant defect sites,
such as twinning and dislocations at the bent region of HNWs (see Fig.
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Fig. 4. Gibbs free energy diagram for the OER on (a) low-index surfaces (CoS
(100) and (001)) and (b) stepped surfaces (CoS (101) and (102)), respectively.

S8(c)). The seeded growth of hexagonal-phase CoS could generate a
very high strain at the interface due to the very large difference in
lattice spacing between the Ag,S seed and the hexagonal-phase CoS,
which could generate the stepped surfaces and the bent regions pos-
sessing abundant defect sites.

The high electrochemical activity of Ag,S-CoS_14 HNWs originates
from the fact that the HNWs possess the abundant stepped surfaces and
defect sites at every bent region, as shown in Fig. 2(a) and Fig. S8(c).
Fig. S8(d) shows a schematic diagram of the suggested reason for the
improved OER activity of Ag,S-CoS HNWs. The exposed octahedral Co
sites are well known as active sites for the OER [35]. The active sites
can be generated by creating more stepped surfaces, defect sites or
disordered structures [33]. Higher oxygen binding energy at the
stepped surfaces can promote water adsorption and water oxidation.
Moreover, the networks of Ag,S-CoS HNWs have shown superior elec-
trical conductivity and charge transfer characteristics. These two fac-
tors possibly improved the OER activity of the Ag,S-CoS HNWs. This
research will shed light on the future design of bifunctional electro-
catalysts such as metal sulfide, phosphide, and selenide.

4. Conclusion

In this work, Ag,S-CoS HNWs with abundant stepped surfaces and
defect sites were successfully synthesized by simple thermal decom-
position of organometallic complexes, in conjunction with the Ag,S
seeded growth method. Ag,S-CoS showed a hexagonal crystalline phase
for CoS, which was not detected in the conventional thermal
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decomposition method. The hexagonal phase of CoS consists of S atoms
in an HCP site and Co atoms in an octahedral site. The abundant oc-
tahedral sites of the CoS phase can be beneficial to OER activity. Ag>S-
CoS_14 HNWs showed the best OER performance: an overpotential of
275 mV, a Tafel slope of 77.1 mVdec ™%, and charge transfer resistance
of 2.5Q. The improved OER activity was observed for over 2h. The
abundant stepped surfaces and defect sites generated exposed octahe-
dral sites at the surface, which served as active sites with high oxygen
binding energy. Additionally, HNW networks showed superior charge
transfer characteristics due to their electrical junctions between HNWs.
The structural features of Ag,S-CoS HNWs promoted OER activity
considerably.
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