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ABSTRACT Nanoporous hollow transition metal chalcogenides
are of special interest for a variety of promising applications.
Although some advanced synthetic methods have been reported,
the development of a facile and general strategy to fabricate porous
hollow nanostructures of transition metal chalcogenides, especially
with enhanced electrocatalytic performance, still remains highly

challenged. Herein, we report a facile chemical transformation

M(OH), NSs

strategy to prepare nanoporous hollow Co3S, nanosheets via the
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anion exchange reaction of Co(OH), with sulfide ions. The chemical transformation mechanism involves the as-formed layer of nanoporous cobalt sulfide on

Co(OH), driven by the anion-exchange-reaction and lattice mismatch induced quick strain release, a following diffusion-effect-dominated core—shell

hollow intermediate with hollow interiors, and subsequent Ostwald ripening growth of hollow nanosheets at elevated temperatures. This anion-exchange

strategy of transition metal hydroxides with chalcogenide ions is also suitable for fabricating nanoporous hollow nanosheets of other metal chalcogenides

(e.g., CoSe,, CoTe,, CdS, and NiS). The as-prepared nanoporous hollow Co;S, nanosheets are found to be highly active and stable for electrocatalytic oxygen

evolution reaction.
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ntriguing applications of transition metal

chalcogenide nanostructures in catalysis,

solar cells, lasers, batteries, and thermo-
electrics are driving the exploration of syn-
thetic method to manipulate their chemical
composition, morphology and structure.' ~°
Recently, porous nanostructures have re-
ceived increasing attention for their im-
proved physical and chemical properties
in comparison with their solid nanoscale
counterparts.’®~ "> Hollow nanostructures
with well-defined cavities have been em-
ployed in many fields due to the merits
of low density, large specific surface area,
and large void space." "7 In particular, two-
dimensional nanostructures with cavities
have possessed novel properties because
of their unique geometrical configura-
tion, which is different from zero- and one-
dimensional nanostructures.'®~2° Although
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some advanced achievements have been
made in the synthesis of metal chalco-
genides,>?'~° the preparation of nanoporous
hollow two-dimensional nanostructure of
metal chalcogenides remains unexplored.
Thus, itis highly desirable to develop a gen-
eralized and efficient strategy to synthesize
nanoporous hollow nanosheets of transi-
tion metal chalcogenides.

Since the first report of cation exchange
reaction in inorganic nanocrystals by
Alivisatos and his co-workers,?® ion-exchange
reaction has been considered to be one of
the most important chemical transforma-
tion methods to adjust the composition,
structure and properties.”” 3’ For instance,
Jeong and his co-workers have carried out
a well-designed ion-exchange reaction in
generating diverse ultrathin chalcogenide
nanowires M,Te, (M = Cd, Zn, Pb, and Pt).”’
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The facile preparation of solid nanocrystals has been
achieved through cation exchange reaction of metal
sulfide and telluride nanocrystals by the Manna and
Moreels groups.?®?° Schaak et al. have reported
an efficient anion exchange pathway to convert col-
loidal metal selenides to the corresponding metal
tellurides.*® Very recently, we have demonstrated the
ion-exchange method of inorganic—organic hybrid
nanostructures to obtain nanoporous metal sulfide
and selenides.3®3? But the synthesis of inorganic—
organic precursors always utilizes either high tempera-
ture or toxic solvents with a relatively complicated
process.>3839 Therefore, the search of a satisfactory
alternative material to hybrid precursors is significant
in producing nanoporous nanomaterials via the ion-
exchange way. Furthermore, the development of a
generalized ion-exchange strategy to fabricate nano-
porous hollow metal chalcogenide nanostructures,
especially with improved electrocatalytic performance,
still remains a great challenge.

Herein, we present a facile and generalized anion
exchange strategy of transition metal hydroxides with
chalcogenide ions to produce nanoporous hollow
nanosheets of transition metal chalcogenides under
mild hydrothermal conditions. Cobalt sulfide is se-
lected as the mode target because of its promising
candidate as earth-abundant and inexpensive energy
conversion and storage materials.**~*? By the anion
exchange reaction of easy-prepared inorganic Co(OH),
nanosheets with thioacetamide, nanoporous hollow
cobalt sulfide nanosheets are successfully fabricated
with the retention of macro-sized sheet-like morphol-
ogy (Figure 1a). Moreover, this anion exchange strat-
egy of metal hydroxide materials is suitable for the
fabrication of other nanoporous hollow transition me-
tal chalcogenide nanostructures, such as, nanoporous
hollow CoSe,, CoTe,, CdS, and NiS nanosheets. The
difference in solubility between reactants and pro-
ducts (Kspmiom)2) > Kspmxn(x=s,se Te) in Supporting Infor-
mation Table S1) determines that the anion-exchange
reaction from transition metal hydroxides to metal
chalcogenides is favorable under the impetus of
thermodynamic driving force.”#3#* Furthermore, the
as-prepared nanoporous hollow cobalt sulfide nano-
sheets display high electrochemical oxygen evolution
reaction (OER) activity and stability in alkaline medium,
making them promising inexpensive electrocatalysts
for oxygen production.

RESULTS AND DISCUSSION

The starting inorganic Co(OH), nanosheets are fab-
ricated by a facile hydrothermal method reported by
Qiu and co-workers.*> The as-prepared products are
first characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and
X-ray diffraction (XRD). The SEM image (Figure 1b)
and TEM image (Supporting Information Figure S1)
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Figure 1. Preparation of nanoporous hollow Co3S,; nano-
sheets via the anion-exchange reaction of Co(OH), with
sulfide ions. (a) Schematic illustrations of the chemical
transformation mechanism of nanoporous hollow CosS,
nanosheets, which is prepared by the anion-exchange
reaction of Co(OH), with sulfide ions. (b) SEM image and
(c) EELS elemental mapping images of the starting Co(OH),
nanosheets. (d) SEM image, (e) EELS mapping elemental
image, (f and g) TEM images of the as-converted nano-
porous hollow CosS, sheets. (h) Front-view and (i) side-view
EDS line-scan elemental distributions of one typical nano-
porous hollow CosS; nanosheet. (j) XRD patterns and (k)
mesopore size distributions of the starting Co(OH), nano-
sheets and the as-converted nanoporous hollow CosS,
sheets.

clearly show that solid Co(OH), nanosheets are suc-
cessfully fabricated in large quantities. Typical powder
X-ray diffraction (XRD) pattern displayed in Figure 1j
identifies these hexagonal sheets as hexagonal Co(OH),
(JCPDS No. 30-0443). For a typical anion-exchange re-
action, an aqueous solution with the Co(OH), hexagonal
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nanosheets (Figure 1b) as precursors and excessive
thioacetamide as sulfur source is hydrothermally
treated at 120 °C for 6 h. Upon the anion-exchange
reaction, solid sheets become nanoporous hollow
products (Figure 1d—g). The SEM (Figure 1d) and
TEM images (Figure 1f,g) reveal that nanopores are
obviously observed throughout the nanosheets and
the sheet-like morphology remains unchanged after
the transformation is completely performed. Mesopore
size distributions (Figure 1k) and mesopore nitrogen
adsorption/desorption isotherms (Supporting Infor-
mation Figure S2) suggest that the average pore size
and surface area of the as-converted nanoporous
hollow nanosheets are 7.9 nm and 74.1 m%/g, respec-
tively. The anion-exchange reaction is further charac-
terized using electron energy loss spectroscopic (EELS)
elemental mapping. As shown in Figure 1¢, Co and O
elements are uniformly distributed in a starting
solid hexagonal Co(OH), nanosheet. After the Co(OH),
nanosheets are hydrothermally treated with thio-
acetamide, the EELS images in Figure 1e indicate the
uniform distribution of Co and S, illustrating the trans-
formation from the transition metal hydroxides into
metal sulfides. The point-scan energy-dispersion X-ray
spectrum (EDS) (Supporting Information Figure S3)
also confirms that the as-transformed porous products
are only composed of Co and S. The typical front-view
line-scan EDS profile of a single cobalt sulfide nano-
sheet (Figure 1h) clearly displays that the signals of Co
and S elements in the edge of the nanoporous sheets
are higher than those in the interior regions, suggest-
ing the hollow structure of the as-obtained samples.
The bimodal distribution of Co and S in the represen-
tative side-view line-scan EDS profile (Figure 1i) fur-
ther reveals the unique hollow character of the
as-converted cobalt sulfide nanosheets. The crystal
structure and phase composition of the nanoporous
hollow products are characterized using X-ray powder
diffraction (XRD). All diffraction peaks in this XRD
pattern (Figure 1j) can be indexed to the cubic CosS,
(JCPDS No. 47-1738). It is found that the calculated
crystallite size using Scherrer formula on the basis of
the (311) diffraction peak of XRD pattern is 10.2 nm,
which is consistent with the size of about 10 nm
observed in TEM image (Figure 1g). X-photoelectron
spectroscopy (XPS) analysis evaluates the chemical
bonding states of each element on the surface of the
CosS,4 sample (Supporting Information Figure S4). The
core level spectrum of Co 2p region is deconvoluted
into two spin—orbit doublets. The first doublet at 778.9
and 796.3 eV and the second at 780.4 and 800.0 eV are
attributed to Co>* and Co®™, respectively. In the core
level spectrum of S 2p region, the binding energies at
161.6 and 162.5 eV are assigned to S 2p3,, and S 2p4 5,
respectively. These results are in good agreement with
the reported values.*® The morphology and struc-
ture of the nanoporous hollow CosS4 nanosheets are
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further characterized using high-resolution TEM (HRTEM)
and selected area electron diffraction (SAED). The HRTEM
image and SAED pattern (Supporting Information
Figure S5) further show that the as-converted nano-
porous hollow CosS, products are polycrystalline nano-
sheets composed of highly crystalline nanoparticles. The
crystal structural sketch further highlights the replacement
of the anion sublattice of hexagonal Co(OH),, such that
OH™ ion is replaced by 5%~ ion, and yields a cubic
CosS, lattice through the anion-exchange of the Co(OH),
with S~ (Supporting Information Figure S6). These results
clearly demonstrate that the inorganic solid Co(OH),
hexagonal nanosheets can be completely converted
into nanoporous hollow CosS; nanosheets with the
retention of the 2D macroscopic morphology via an
anion-exchange reaction.

To get insight into the chemical transformation
mechanism of nanoporous hollow CosS,; nanosheet
prepared by the anion-exchange reaction method,
TEM, XRD and line-scan EDS elemental distributions
are adopted to characterize the intermediates collected
at different reaction stages. As shown in Figure 2a,e, the
Co element is uniformly distributed in a starting solid
Co(OH), sheet. When the exchange reaction of the
Co(OH), nanosheets with thioacetamide at 120 °C
proceeds for 0.5 h, the sheets become rough and a
few of nanopores appear on their surface (Figure 2b
and Supporting Information Figure S7). The associated
XRD pattern (Figure 3) shows that the intermediates
collected at 0.5 h are composed of unreacted Co(OH),
and as-converted CosSy, thus confirming that Co(OH),
in the starting materials is partially converted into
C03S4. These results suggest that S°~, produced by
the thermal decomposition of thioacetamide, quickly
exchanges with OH™ anions of Co(OH), to form a thin
layer of cobalt sulfide at the surface of the starting
metal hydroxide nanosheets. The lattice mismatch
between Co(OH), and CosS, (Supporting Information
Table S2) can cause the quick strain release and lead
to the appearance of nanopores. Similar strain-driven
formation of pores has been observed and theoreti-
cally predicted for cation exchange reaction of nano-
crystals.*” ~>° Despite of the existence of some nano-
pores on the as-formed Co3S, layer, the CosS, layer still
restricts, to some extent, the exchange reaction of
outside sulfide ions with inner OH™ ions and the direct
reaction with cobalt ions. In the following process,
since the outward diffusion of cobalt cations becomes
dominant in comparison with the inward diffusion of
sulfide ions,>'*" the Kirkendall effect can lead to the
generation of hollow nanosheet with a visible Co(OH),
core.>? At the same time, the presence of pores on the
CosS, layer enables some sulfide ions to diffuse inward
and react with the Co(OH), core, which leads the partial
transformation of Co(OH), core into CosS, (Supporting
Information Figure S8). This assumption is proved to be
reasonable by the appearance of core—shell hollow
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Figure 2. (a—d) Side-view TEM images and (e—h) line-scan EDS elemental distributions of the representative intermediates
collected after the anion-exchange reaction proceeded for 0 h (a and e), 0.5 h (b), 2 h (, f, and g) and 4 h (d and h).
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Figure 3. XRD patterns of the intermediates collected at
0.5 h (black line), 2 h (red line), and 4 h (blue line).

intermediate collected at 2 h (Figure 2¢,f,g). The typical
TEM image shows the core—shell hollow structure of
the intermediate (Figure 2c). The corresponding EDS
line-scan elemental distributions confirm that the core
is Co3S4-rich (the three-peak distribution of Co and S
in Figure 2f) and the shell is nanoporous CosS, (the
bimodal distribution of Co and S in Figure 2g) in the
hollow intermediate. In the corresponding XRD pattern
of the intermediates at 2 h (Figure 3), the diffraction
peaks of Co(OH), decrease but the CosS,; peaks in-
crease during chemical transformation, indicating the
continuous transformation of Co(OH), to Co3S4. When
the anion-exchange reaction is prolonged to 4 h, the
detectable reflection peaks of the XRD pattern are
predominantly indexed to cubic CosS,, but still con-
taining small parts of Co(OH), (Figure 3). The signal
intensity of the Co and S in the side-view central
position of the line-scan EDS profiles becomes very
weak and the bimodal distribution of Co and S gradu-
ally appears (Figure 2d,h). This result suggests that the
CosS,-rich core gradually disappears and the hollow
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interiors are becoming more and more obvious,
which may be associated with the Ostwald ripening
process.>>** The further prolonged transformation
reaction time leads to a more obvious bimodal dis-
tribution of Co and S (Figure 1i), and finally generates
nanoporous hollow CosS4 nanosheets. On the basis of
these above-mentioned results, the chemical transfor-
mation mechanism involves the as-formed layer of
nanoporous cobalt sulfide on Co(OH), driven by the
anion-exchange-reaction and lattice mismatch in-
duced quick strain release, a following diffusion-effect-
dominated hollow core—shell intermediate with hollow
interiors, and subsequent Ostwald ripening growth of
hollow nanosheets at elevated temperatures.

The effects of the concentration and temperature on
this anion-exchange reaction are investigated. In con-
trol experiments, when thioacetamide concentration
of 3.5 mg/mL is adopted (that is, the mole ratio of Co in
Co(OH), and S in thioacetamide is 1:10), the starting
Co(OH), precursors can be fully converted into nano-
porous hollow CosS; nanosheets at 6 h (Figure 1).
When the concentration of thioacetamide is decreased
to 1.4 and 0.6 mg/mlL, the starting Co(OH), are partially
converted into cubic CosS,4 at 6 h (Supporting Informa-
tion Figure S9b,d). The fully converted nanoporous
hollow CosS4 nanosheets are obtained when the reac-
tion time is increased to 12 h (Supporting Information
Figure S9). These results display that the concentra-
tions do exert an important effect on the anion-
exchange reaction of Co(OH), with S?~. An increasing
concentration of sulfur source can effectively acceler-
ate the anion-exchange reaction velocity. When the
reaction temperature is set as 90 or 160 °C, nanoporous
CosS, nanosheets can be also prepared, while the
hollow space of the nanoporous Co3S; nanosheets
becomes much smaller at a higher temperature
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Figure 4. Structural characterizations of the nanoporous hollow CoSe, nanosheets prepared via the anion-exchange
conversion of Co(OH), nanosheets with selenium ions. (a) SEM image, (b) XRD pattern, (c) TEM image, and (d) HRTEM image
and SAED pattern (the inset of d) of the nanoporous hollow CoSe, nanosheets. Two weak peaks (*) in (b) are originated from

unreacted Se powders.

(Supporting Information Figure S10a,b). It is mainly
attributed to the fact that a higher temperature pro-
motes quicker thermal decomposition of thioacet-
amide into $*~ ions and further accelerates the ex-
change rates of $%~ with OH™ anions of Co(OH),, thus
forming a thicker layer of cobalt sulfide at the surface
of the starting metal hydroxide nanosheets. Simulta-
neously, a higher temperature improves the adhesion
between the Co(OH), core and the CosS, shell.?! The
results indicate that an over-rapid anion-exchange rate
of Co(OH), and S*~ is helpless for the formation of
nanoporous hollow structure via the anion-exchange
reaction of Co(OH), with S~ The conclusion is further
supported by the fact that no obvious hollow region is
observed in side-view TEM image of the as-converted
CosS, samples obtained at 200 °C (Supporting Infor-
mation Figure $10c). XRD patterns (Supporting Infor-
mation Figure $10d) demonstrate that all the products
are cubic CosS,4 phase (JCPDS No. 47-1738), displaying
that the temperature (90—200 °C) has no effect on
the crystal structure of as-transformed products in
the anion-exchange reaction of Co(OH), and S*~ ions.
When NaHS is utilized as sulfur source, the products are
also cubic CosS,; (JCPDS No. 47-1738) structure, but no
obvious nanoporous hollow structure is observed
(Supporting Information Figure S11), which may be
ascribed to the quick reaction between of NaHS and
Co(OH), weakening the role of the outward diffusion of
OH™ ions in the Co(OH), nanosheets. It further con-
firms that gradual and slow release of 5*~ is vital for the
formation of hollow structure and cubic Co3S,; is a
thermodynamically stable phase in the transformation
process.

ZHAO ET AL.

Given the preliminary insights into the conversion
mechanism from solid Co(OH), to nanoporous hollow
cobalt sulfide, the anion exchange transformation
method of Co(OH), should be applicable in the fabrica-
tion of metal selenides or tellurides. When solid pow-
ders of the Co(OH), nanosheets are used as the starting
materials for anion-exchange reactions with selenium
ions>>% at an elevated temperature, nanoporous hol-
low cobalt selenide nanosheets can be generated
(Figure 4). SEM image (Figure 4a) shows that the 2D
macroscopic morphology of inorganic solid Co(OH),
hexagonal nanosheets is retained via the anion-ex-
change reaction of Co(OH), nanosheets with selenium
ions. As shown in the XRD pattern (Figure 4b), in
addition of some peaks (*) of unreacted Se powders,
all the detectable reflection peaks could be assigned to
a cubic phase CoSe, with lattice constantsofa=b=c=
5.858 nm (JCPDS No. 09-0234). TEM image (Figure 4c)
displays that the nanopores are obviously observed
throughout the CoSe; nanosheets and the edge of the
nanoporous sheets is thicker than the interior region,
suggesting the hollow structure of the as-obtained
samples. HRTEM image (Figure 4d) and SAED pattern
(the inset of Figure 4d) show that the as-converted
nanoporous hollow CoSe, nanosheets are polycrystal-
line, which are composed of highly crystalline nano-
particles. In the XPS spectra of nanoporous hollow
CoSe, nanosheets, the peaks at 779.2, 794.1, and
55.30 eV can be attributed to the Co 2ps/, Co 2py/2,
and Se 3ds,, respectively (Supporting Information
Figure 512).>”°® When the amount of Se powders and
NaBH, is decreased to 0.75 times than that in Figure 4,
the as-obtained products are still nanoporous hollow
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Figure 5. Structural characterizations of the nanoporous hollow CoTe, nanosheets prepared via the anion-exchange
conversion of Co(OH), nanosheets with tellurium ions. (a) SEM image, (b) XRD pattern, (c) TEM image, and (d) HRTEM image
and SAED pattern (the inset of d) of the nanoporous hollow CoTe, nanosheets. One weak peak (*) in (b) is originated from

unreacted Te powders.

CoSe, nanosheets (Supporting Information Figure S13).
It shows that the anion-exchange reaction of Co(OH),
and selenium ions tends to form a stable pyrite CoSe,
structure.>”® These results illustrate that this anion-
exchange strategy of transition metal hydroxides can
be considered as a generalized method to create nano-
porous hollow nanostructures of metal selenides.

In addition, nanoporous hollow cobalt telluride
nanosheets can also be obtained by using the same
procedure. When solid powders of the Co(OH), nano-
sheets are served as precursors for anion-exchange
reactions with tellurium anions,>>>® nanoporous hol-
low cobalt tellurides nanosheets can be obtained
(Figure 5). As shown in Figure 5a, the sheet-like 2D
macroscopic morphology remains unchanged after
the anion-exchange reaction of Co(OH), with tellurium
ions is completely performed. XRD pattern (Figure 5b)
is identified as orthorhombic phase CoTe, (JCPDS No.
74-0425) with lattice constants of a = 3.882 nm, b =
5301 nm, and ¢ = 6.298 nm. The typical TEM image
(Figure 5c) clearly displays that CoTe, nanosheets are
nanoporous and the edge is thicker than the interior
region, suggesting that the nanoporous CoTe, nano-
sheets possess hollow structure. HRTEM image
(Figure 5d) and SAED pattern (the inset of Figure 5d)
display that the as-obtained nanoporous hollow CoTe,
nanosheets are polycrystalline, which consist of highly
crystalline nanoparticles. When the amount of Te
powders and NaBH, is decreased to 0.75 times than that
in Figure 5, the as-converted samples are still nanopor-
ous hollow CoTe; nanosheets (Supporting Information
Figure S14). It shows that the anion-exchange reaction
of Co(OH), and tellurium ions tends to form a stable
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pyrite CoTe, structure. The results demonstrate that
this anion-exchange strategy of transition metal hy-
droxides can be considered as a general method
to create nanoporous hollow nanostructures of metal
tellurides with the retention of the macro-sized
morphology.

The facile strategy presented here is also suitable for
converting other solid inorganic transition metal hy-
droxides into nanoporous hollow metal sulfides. For
instance, when single-crystalline Cd(OH), nanosheets
(Supporting Information Figure S15a,b) are used as
starting materials and treated with thioacetamide,
nanoporous hollow CdS nanosheets can also be pro-
duced (Supporting Information Figures S15c¢—h and
S16). Additionally, the as-prepared nanosheet-based
Ni(OH), microspheres can also be transformed into NiS
microspheres composed of nanoporous hollow nano-
sheets through an anion-exchange route in aqueous
media (Supporting Information Figure S17). During
these anion-exchange reactions, there are no dramatic
changes of macro-sized morphology, which is impor-
tant for rational synthesis of morphology-predicted
porous hollow materials. These extending works indi-
cate that our anion-exchange protocol of transition
metal hydroxides may be developed into a generalized
protocol for fabricating various nanoporous hollow
metal sulfide nanostructures with the retention of the
macro-sized morphology.

Recently, transition metal chalcogenides have been
found to exhibit noble-metal-like electrocatalytic properties
in the field of energy conversion and storage.*0 4213963
Here, the electrochemical oxygen evolution reaction
(OER) is selected to evaluate the catalytic performance
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Figure 6. Electrochemical oxygen evolution reaction (OER) performance. (a) Polarization curves for OER on bare GC electrode
and modified GC electrodes comprising the nanoporous hollow Co3S, nanosheets (NSs), solid Co3S, nanosheets synthesized
by one-step approach, 20 wt % Pt/C, and RuO,, respectively. (b) OER polarization curves for the nanoporous hollow Co3S,
nanosheets before and after different cycles of accelerated stability test. (c) Tafel plot (overpotential versus log current)
derived from (a). (d) Electrochemical impedance spectroscopy of nanoporous hollow Co3S, nanosheets and Co3S, nanosheets
synthesized by one-pot approach at 77 = 0.6 V. The inset shows the corresponding equivalent circuit. (Symbols R, and Q,
represent the solution resistance and the total capacitance, respectively. R,, Rs, and R, represent the charge transfer
resistance, the contact resistance, and the diffusion resistance, respectively. Q,, Q3, and Q, are the corresponding
capacitances.) Polarization curves are iR-compensated. The electrolyte: 0.1 M KOH. Scan rates: 10 mV s~ .

for the as-obtained nanoporous hollow CosS4 nano-
sheets. The as-synthesized solid Co3S; nanosheets
(Supporting Information Figure S18), commercial
Pt/C (20 wt %, Johnson Matthey) and commercial
RuO, (aladdin-reagent) with high OER catalytic per-
formance are measured for comparison. The polariza-
tion curve (j—V plot) (Figure 6a) shows that the
nanoporous hollow Co3S, nanosheets exhibit greater
current density and lower onset potential of catalytic
current as compared with solid Co3S4 nanosheets and
commercial Pt/C. The potential required for the cur-
rent density of 10 mA cm ™2, as a commonly used OER
references and a metric relevant to solar fuel synthe-
sis, is used to evaluate the OER activity. The nanopor-
ous hollow Co03S, nanosheets at 10 mA cm 2 achieve
a small overpotential () of 0.363 V vs RHE (RHE:
reversible hydrogen electrode), which is close to
that of most efficient OER catalysts RuO, (0.266 V vs
RHE), and superior to that of solid CosS4 nanosheets
(0.416 V vs RHE) and the best performance of the
well-designed NiCo,S,;@N/S-rGO catalysts at a same
loading amount.>* Corresponding Tafel plots (3-log j)
(Figure 6¢) are applied to estimate the OER kinetics
of the above catalysts. The Tafel slope of nanoporous
hollow Co3S, nanosheets is 90 mV dec™', which is
smaller than that of solid Co3S4 nanosheets. To eval-
uate the kinetics of electrode reactions, the electro-
chemical impedance spectroscopy (EIS) measure-
ments are performed.®*® Figure 6d shows EIS spectra
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presented in Nyquist diagram in the frequency range
of 1000 kHz to 20 mHz for nanoporous hollow CosS,4
nanosheets and solid Cos3S; nanosheets electrodes,
which can be interpreted in terms of the equivalent
circuit as shown in the inset of Figure 6d. It indicates
that porous hollow Co3S,; nanosheets own a smaller
charge transfer resistance (R, in the equivalent circuit)
than that of solid CosS, nanosheets, demonstrating
a much faster electron transfer process during elec-
trochemical reaction.®® The total capacitance (Q; in
the equivalent circuit) of the porous hollow CosS,
nanosheets is larger than that of solid CosS,; nano-
sheets, indicative of a larger reaction specific sur-
face area in the electrochemical reaction system.®’”
This may be associated with much more active sites,
improved ion conductivity and unique porous struc-
ture of the nanoporous hollow CosS, nanosheets.®® In
particular, the special porous hollow nanostructure is
conducive to a fast diffusion and reaction at the
electrolyte-electrode interface.®' In addition, the ac-
celerated stability tests are performed to further
evaluate the stability of the nanoporous hollow
Co3S, nanosheets during electrocatalytic OER in
0.1 M KOH. Cyclic voltammetric (CV) sweeps between
+0.3 and +0.8 V are applied to the nanoporous hollow
CosS,4 nanosheets-decorated working electrode. After
1000 CV sweeps, the catalyst almost affords the
same j—V curve to the initial curve, demonstrating its
excellent stability (Figure 6b).
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CONCLUSIONS

In summary, we have reported a facile synthesis of
nanoporous hollow CosS,; nanosheets via the anion
exchange reaction of Co(OH), nanosheets with 52~
ions. The transformation mechanism of solid Co(OH),
into nanoporous hollow CosS, sheets seems to involve
the quick anion-exchange reaction of the Co(OH),, the
following diffusion effect and the subsequent Ostwald
ripening process. The as-synthesized nanoporous hol-
low Cos3S,; nanosheets exhibit high electrocatalytic
activity and electrochemical stability toward OER, thus
making them inexpensive candidates for oxygen pro-
duction. In addition, the anion-exchange strategy of

EXPERIMENTAL SECTION

Synthesis of Single-Crystalline Cobalt Hydroxide (Co(OH),) Nanosheets.
The Co(OH), nanosheets were synthesized using the reported
method with a little modification.*” In a typical procedure,
Co(NO3),+-6H,0 (0.1091 g, 0.375 mmol) was dissolved into
15 mL of deionized water to form a pink solution at room
temperature. Then, 0.375 mL of triethylamine was added drop-
wise to the mixed solution under magnetic stirring, and the
solution immediately turned dark blue. Next, 14.625 mL of
deionized water was added again to reach a total volume of
30 mL. The mixed solution was then transferred into a 50 mL
Teflon-lined stainless-steel autoclave and kept at 180 °C for 24 h.
The black samples were collected and washed several times
with water and ethanol, separately, and then dried at 60 °C for 6 h.

Transformation of Co(OH), Nanosheets into Nanoporous Hollow Co3S,
Nanosheets. In a typical chemical transformation procedure,
4.5 mL of the Co(OH), stock solution was added into 7.5 mL of
aqueous solution containing thioacetamide (0.0423 g) under
continuous stirring. After 20 min of vigorous agitation, the
dispersion was transferred into a 20 mL Teflon-lined autoclave
and maintained at 120 °C for 6 h. The black samples were
collected and washed several times with water and ethanol,
separately, and then dried at 60 °C for 6 h.

Synthesis of Nanoporous Hollow Cobalt Selenide Nanosheets. Co(OH),
precursors (0.1 mmol) were dispersed in 12 mL of deionized
water to form a homogeneous solution under constant strong
agitation. Then, 0.2 mmol Se powder and 0.6 mmol NaBH, were
added into the dispersion above under constant stirring. The
mixed solution was transferred into a 20 mL Teflon-lined auto-
clave and maintained at 180 °C for 15 h. The samples were
collected and washed three times with ethanol and water,
separately, and then dried at 60 °C for 6 h.

Synthesis of Nanoporous Hollow Cobalt Telluride Nanosheets. The
procedure for the preparation of nanoporous hollow cobalt
tellurides nanosheets is the same as that described above
except that the Se powder was replaced by Te powder.

Synthesis of Cadmium Hydroxide (Cd(OH),) Nanosheets. The Cd(OH),
nanosheets were synthesized using the reported method.?® In a
typical procedure, 2 mmol of Cd(CH;COO), was dissolved in
30 mL of deionized water to form a dispersive solution at room
temperature. Then, 1 mmol of sodium ethylene diamine tetra-
acetic acid was added to the mixed solution under magnetic
stirring. After 20 min of constant stirring, the mixed solution was
then transferred into a 50 mL Teflon-lined stainless-steel auto-
clave and kept at 200 °C for 12 h. After cooling to room
temperature naturally, the samples were collected and washed
three times with ethanol and water, separately, and then dried at
60 °C for 6 h.

Conversion of Cd(OH), Nanosheets into Nanoporous Hollow CdS Nano-
sheets. For a typical synthesis, 0.5 mmol of Cd(OH), nanosheets
precursors was dispersed in 15 mL of ethylene glycol by
sonication, and then 2.5 mmol thiourea was added to the mixed
solution under stirring. After 20 min of constant stirring, the
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Co(OH), nanosheets with chalcogenide ions is found to
be successful in producing nanoporous hollow sheets
of cobalt selenide and cobalt telluride. Furthermore,
we demonstrate that the facile chemical transforma-
tion protocol can be broadened to convert other
transition metal hydroxides into corresponding nano-
porous hollow metal chalcogenide materials (e.g., CdS,
NiS) with well-preserved dimension and morphology.
More importantly, these nanoporous hollow metal
chalcogenides may find promising applications in
various fields, such as OER, hydrogen evolution reac-
tion, photocatalysis, batteries, lasers, supercapacitors
and solar cells.

dispersion was transferred into a 20 mL Teflon-lined autoclave
and heated at 200 °C for 12 h. After cooling to room tempera-
ture naturally, the black precipitates were separated from
solution, and washed several times with deionized water and
absolute ethanol, separately. Then, the products were dried at
60 °C for 6 h.

Synthesis of Nickel Hydroxide (Ni(OH),) Nanosheet-Based Microspheres.
The Ni(OH), nanosheet-based microspheres were prepared
according to the reported reference.?* In a typical procedure,
0.5 mmol of NiSO,4:-6H,0 was dissolved in 10 mL deionized
water to form a green solution, and then 1.5 mL of 2 M ammonia
was added to form an opaque dispersion under stirring. After
20 min of constant stirring, the dispersion was transferred into a
20 mL Teflon-lined autoclave and heated at 180 °C for 24 h. After
cooling to room temperature naturally, the green precipitates
were separated from the solution, and washed several times
with deionized water and absolutely ethanol, separately. Then,
the collected products were dried at 60 °C for 6 h.

Conversion of Ni(OH), Nanosheets into Nanoporous Hollow NiS Nano-
sheets. For a typical synthesis, 10 mg of the free-flowing dry
Ni(OH), nanosheet-based microspheres precursors was dis-
persed in 12 mL of deionized water by sonication, and then
0.085 mg of thioacetamide was added to the mixed solution
under stirring. After 20 min of constant stirring, the dispersion
was transferred into a 20 mL Teflon-lined autoclave and heated
at 120 °C for 6 h. After cooling to room temperature naturally,
the black precipitates were separated from solution, and
washed several times with deionized water and absolutely
ethanol, separately. Then, the collected products were dried
at 60 °C for 6 h.

Preparation of Solid Cobalt Sulfide Nanosheets. In a typical proce-
dure, Co(NOs),-6H,0 (0.1091 g, 0.375 mmol) was dissolved into
15 mL of deionized water to form a pink solution at room
temperature. Then, 0.375 mL of triethylamine was added drop-
wise to the mixed solution under magnetic stirring, and the
solution immediately turned dark blue. Next, 14.625 mL of
aqueous solution containing thioacetamide (0.282 g) was
added again to reach a total volume of 30 mL. The mixed
solution was then transferred into a 50 mL Teflon-lined stainless-
steel autoclave and kept at 120 °C for 6 h. After cooling to room
temperature naturally, the black precipitates were separated
from solution and washed several times with deionized water
and absolutely ethanol, separately. Then, the collected products
were dried at 60 °C for 6 h.

Electrochemical Measurements. All electrochemical measure-
ments were performed using an electrochemical workstation
(CHI 660D, CH Instruments, Austin, TX). Pt wire and mercury—
mercury oxide (Hg/HgO, 1 M KOH) were used as counter and
reference electrodes, respectively. A glass carbon electrode
decorated with catalyst samples was used as the working
electrode. For a typical making procedure for the working
electrode, 4 mg of catalyst samples was dispersed in 1 mL of
3:1 (v/v) water—ethanol mixed solvent with 40 uL of 5 wt %
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Nafion solution, then the mixture was ultrasonicated for at
least 30 min to generate a homogeneous ink. Then, 5 uL of
the catalyst ink (containing about 20 ug of catalysts) was loaded
onto a glassy carbon electrode of 3 mm in diameter (loading
~0.283 mg/cm?). Finally, the as-prepared catalyst film was dried
atroom temperature. Before the electrochemical measurement,
the electrolyte (0.1 M KOH) was degassed by bubbling argon for
30 min. The polarization curves were obtained by sweeping the
potential from —0.2 to 0.9 V vs Hg/HgO at room temperature,
with a sweep rate of 10 mV s~". The electrochemical impedance
spectroscopy (EIS) measurements were carried out in the same
configuration at 7 = 0.6 V from 10° to 0.02 Hz with an AC
amplitude of 5 mV. All the plots were corrected with compen-
sated cell resistance (iR).

Characterization. The scanning electron microscopy (SEM)
images and Energy-dispersive X-ray spectroscopic (EDS) anal-
ysis were taken with a Hitachi S-4800 scanning electron micro-
scope (SEM, 5 kV) equipped with the Thermo Scientific energy-
dispersion X-ray fluorescence analyzer. Transmission electron
microscopy (TEM), higher-magnification transmission electron
microscopy (HRTEM) and EDS line-scan elemental distributions
were carried out with JEOL JEM-2100F system equipped with
the EDAX Genesis XM2. For all EDS point-scan and line—scan
data, Co L, Cd L and S K spectra were used. Electron energy loss
spectroscopy (EELS) elemental distribution images were ob-
tained with FEI Tecnai G?F20 system equipped with GIF 863
Tridiem (Gatan). Specimens for TEM and HRTEM measurements
were prepared via dropcasting a droplet of ethanol suspension
onto a copper grid, coated with a thin layer of amorphous
porous carbon film, and allowed to dry in air. The X-ray diffrac-
tion patterns (XRD) of the products were recorded with a
PANalytical X'Pert PRO X-ray diffractometer with Co Ka radia-
tion (4 = 1.78897 nm) at 40 kV and 40 mA. Then, the data were
converted into corresponding Cu Ko radiation. The surface area
and pore size distributions of the synthesized materials were
determined by nitrogen physisorption by a NOVA 2200e sys-
tem. The surface area was calculated using the Brunauer—
Emmett—Teller method. Pore size distributions were calculated
using the Barrett—Joyner—Halenda method from the desorp-
tion branch. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out with a spectrometer having Al Ko
radiation (PHI5000VersaProbe). The binding energy was cali-
brated with the C 1s position of contaminant carbon in the
vacuum chamber of the XPS instrument (284.8 eV).
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