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Nanostructured ZnS:Ni*" Photocatalysts Prepared by

Ultrasonic Spray Pyrolysis**

By Jin Ho Bang, Richard J. Helmich, and Kenneth S. Suslick*

Zinc sulfide (ZnS) has found diverse applications as optical
phosphors, catalysts, photonic crystals, and light-emitting
materials.J In addition, ZnS has been examined as a photo-
catalyst, in part because of its high energy conversion efficiency
and the relatively negative redox potential of its conduction
band."*! As a photocatalyst, ZnS has been examined for
degradation of water pollutants, reduction of toxic heavy
metals, and water-splitting for H, evolution.l”! Owing to its
large bandgap (3.6eV), ZnS itself absorbs only in the UV, but
its absorbance can be easily tuned by doping with metal ions,
including Mn, 21 Ni 2l ¢y, P4 and Pb.?¢! In addition, the
optical properties of ZnS strongly depend on particle size
and morphology."*! Our ability, however, to control simply and
systematically the crystal structure, solid morphology, and
photoreactivity remains limited. Here we report a facile
preparation of nanostructured Ni*"-doped ZnS (ZnS:Ni*")
hollow microspheres and nanoparticles by using ultrasonic
spray pyrolysis (USP). Further, we find that our ZnS:Ni*"
nanoparticles are active and stable for photocatalytic H,
evolution from aqueous K,SO; and Na,S solution under visible
light owing to their excellent crystallinity and high surface area
compared to traditional ZnS:Ni** powders.

USP is a robust synthetic method*®! and has been used to
produce a diverse range of nanostructured materials, including
metal chalcogenide quantum dots,®® metal oxides,!®! car-
bon,!®! and others. The preparation of ZnS:Ni** hollow micro-
spheres and nanoparticles using USP is illustrated in Figure 1
(cf. Supporting Information (SI) for further description of the
USP apparatus). An aerosol of the precursor solution (e.g.,
200 mm ZnNQOs, 1 M thiourea, and 0.2 mm NiNOs in water with
3% colloidal silica) was generated by ultrasonic nebulization,
and the resulting mist was carried through a heated zone
(700°C) by an inert gas (Ar) flow.
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As water rapidly evaporates, ZnS starts to precipitate at the
droplet surface, solvent evaporates, and decomposition gases
(e.g., NO,, NH3, HNCS) are evolved. Owing to the relatively
low solubility of ZnS and its precursors, the decomposition of
the droplet leads to an outer shell enriched in ZnS with a core
of primarily silica particles. When the silica template was
dissolved using an ethanolic HF solution, nanostructured
ZnS:Ni*" mesoporous hollow microspheres were obtained
(Fig. 2a and b; see further scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) analyses in SI).

When the furnace temperature was increased from 700 °C to
1000 °C, however, the final product after HF treatment
consisted of agglomerated nanoparticles (i.e., the microspheres
lost structural integrity; Fig. 2c and d; see further SEM and
TEM analyses in SI). As a control experiment, when the same
precursor solution without the silica colloid template was
nebulized and passed through the tube furnace at 1000°C
under Ar flow, only micrometer-sized solid microspheres of
ZnS:Ni*" were obtained, as shown in Figure 2¢ and f.

Figure 3 shows the diffuse reflectance UV-vis spectra and
powder X-ray diffraction (XRD) patterns of ZnS:Ni*" hollow
microspheres, nanoparticles, and solid microspheres, respec-
tively. The UV-vis spectra of all three morphologies of the
ZnS:Ni** show a broad absorbance in the visible region,
extending to ca. 550nm as compared to non-doped ZnS
(dashed line), indicating that doped Ni*" forms a new energy
level in the band structure of ZnS."*! Higher-temperature
processing increases the relative intensity of the absorbance
from the Ni**-doping and also the apparent crystallite size: as
determined by the peak widths in the XRD patterns using the
Debye-Scherrer equation, the crystallite sizes for the hollow
microspheres, the nanoparticles, and the non-templated solid
microspheres are 7.3nm, 27nm, and >50nm, respectively.
These calculated crystallite sizes are in good agreement with
direct TEM observations (Fig. S10 in SI). In all cases, the
ZnS:Ni** shows a hexagonal wurtzite structure (which is
thermodynamically favored at high temperatures.[lb’ﬂ) in the
XRD, which is confirmed by high-resolution TEM observation
and selected-area electron diffraction (SAED) patterns, as
shown in Figure 4. The hollow microspheres show broad
diffraction peaks due to smaller crystallite size; owing to the
width of the XRD peaks and the close overlap of the hexagonal
wurtzite and cubic zinc blende structures, we cannot
definitively rule out the presence of some zinc blende structure
in the hollow microspheres.

Pore structures and size distributions of ZnS:Ni*" were
examined by N, adsorption/desorption isotherms (Fig. S9 in

H

i EWILEY $
*s InterScience*

o
(]
3
3
G
=
o
-
o
=

2599



2
o
<
-
=
S
=
=
o
v

2600

_ _ADVAN

0
m
w

MATER

>
2

S

° ZnS:Ni**
o Si0,

Liquid droplet
with colloidal
silica template

Figure 1. Schematic of the ultrasonic spray pyrolysis (USP) synthesis of hollow microspheres and

nanoparticles of Ni*"-doped ZnS.

100 nm

Figure 2. SEM and TEM images of nanostructured ZnS:Ni** hollow
microspheres (a and b, respectively), nanoparticles (c and d, respectively),
and non-templated solid microspheres (e and f, respectively).
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SI). The Brunauer—-Emmett-Teller
(BET) surface areas of the hollow
microspheres, the nanoparticles, and
the non-templated solid micro-
spheres are, respectively, 102m?
g !, 47m? g~! (probably due to
the larger crystallites of the higher
temperature processing), and 2.0m*g .
The hollow microspheres show a
typical type-IV isotherm, character-
istic of mesoporous materials, with a
narrow and uniform pore size dis-
tribution centered at 23 nm, which
corresponds to the size of silica
colloid used in this synthesis.

The formation of the hollow
microspheres made up of small nano-
particles is temperature-dependent:
at 700°C, a rigid mesoporous net-
work of ca. 7nm nanoparticles is
formed, whereas at 1000°C, the
structural integrity of the micro-
sphere is lost and agglomerated nanoparticles are isolated
instead. This is probably due to rapid crystal growth of ZnS at
high temperatures;[lb] this results in larger ZnS nanoparticles
(ca. 27 nm, which are larger than the silica colloid template)
that are not sufficiently strongly held together to sustain the
hollow microsphere structure after the silica template is
removed. In addition to the rapid crystal growth, gas released
during the decomposition of the ZnS precursors may also lead
to the destruction of the porous microspheres, as noted in other
systems.[8]

Metal sulfides such as CdSI®! and solid solution
ZnS-CulnS,-AgInS,®! have been extensively investigated
as a visible-light-driven photocatalysts because of their
relatively narrow bandgaps and relatively high quantum
efficiencies. Simple ZnS doped with various metal ions has
also been examined as a photocatalyst for water-splitting, but
generally more limited quantum efficiencies have been
reported.?!

We have examined visible light photocatalytic water-
splitting from our ZnS:Ni*" systems in the presence of
sacrificial electron donors (K,SOj3; and Na,S) and made
quantitative comparisons between the hollow spheres, nano-
particles, and solid spheres. Figure 5a shows a comparison on
the amounts of H, produced photocatalytically by ZnS:NiZ*
hollow microspheres, nanoparticles, and solid spheres without
the use of a co-catalyst (e.g., Pt nanoparticles). The most
efficient of these are ZnS:Ni*" nanoparticles, in spite of the
much larger surface area of the ZnS:Ni*" hollow microspheres.
The low activity of the hollow spheres is probably related to the
small crystallite or poor crystallinity of small nanoparticles that
make up the hollow spheres because electron-hole recombina-
tion mainly occurs at surface defect sites.'”! Despite their
better crystallinity, the solid microspheres also show a lower
activity than the nanoparticles, which is attributed to their

ZnS:Ni?* hollow
microspheres

ZnS:Ni?*
nanoparticles
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smaller surface area: too many photo-
excitations do not lead to surface
accessible redox. These results empha-
size the balance needed between
crystallinity and surface area of a
photocatalyst for an optimal high
activity.[m]
For comparison to our USP nano-
particles, we also prepared ZnS:Ni*"
powders using the traditional co-
250 300 350 400 450 500 550 600 20 30 40 50 60 0 precipitation method, as previously
Wavelength (nm) 2-Theta (Degree) reported by Kudo et al.**! Figure 5b
shows that the photocatalytic activity
{002) d) of the USP nanoparticles for H,
production is substantially superior to
those of ZnS:Ni*" powders obtained
from the co-precipitation method (see
Figs. S11 and 12 in SI for characteriza-
tion of the co-precipitation powders).
In addition, the USP nanoparticles did
not show deactivation during the
photocatalytic reaction, which reveals
) . . . . ' the improved stability of the USP
250 300 350 400 450 500 550 600 60 0 nanparticles compared to the ZnS:Ni*"
Wavelength (nm) 2-Theta (Degree) powders. The quantum efficiency of
the USP nanoparticles at 430 nm was
(100} (99) B found to be (21+02)%, which is
(110) much higher than the quantum effi-
ciency reported by Kudo et al. (1.3% at
420 nm)."*’! While the co-precipitation
method is simple and easy (especially
for small scale preparations), it has
severe limitations in the preparation of
highly active photocatalysts that are
well-balanced between crystallinity

U A (102)
. . L L and surface area. Our results clearly
30 40

1 1 1 i 1 1
280 300 3;;3\::_:;)&“ 4?;1 ::‘: 580 600 20 2-Theta Dseo ree 60 7 demonstrate that USP is a robust and
gth (nm) ) (Degree) efficient method to achieve the require-

Figure 3. Diffuse reflectance UV-vis spectra and XRD patterns of USP-prepared ZnS:Ni*™ hollow ment of a highly active photocatalyst.
microspheres (a and b, respectively), nanoparticles (c and d, respectively), and non-templated solid In conclusion, nanostructured
microspheres (e and f, respectively). For comparison, the diffuse reflectance UV-vis spectrum of pure ZnS
powder is given as a dashed line in (a), (c), and (e).
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Figure 4. a,b) High-resolution TEM images and c) SAED pattern of ZnS:Ni** nanoparticles prepared by USP.
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Figure 5. a) Photocatalytic activities for H, production of USP-prepared
ZnS:Ni*™ nanoparticles, solid microspheres, and hollow microspheres
under visible light irradiation (42>400nm). b) Photocatalytic activities
under visible light irradiation (4> 400 nm) of ZnS:Ni*"™ nanoparticles pre-
pared by USP, as-obtained ZnS:Ni*" powder prepared by traditional
co-precipitation, and heat-treated ZnS:Ni®" co-precipitated powder
(500°C, 2h under Ar flow). In each case, 0.1g of a photocatalyst was
suspended in 50 mL of an aqueous solution (0.5m K,SO3, 5mm Na,S).

nanoparticles have been prepared using USP. Their morphol-
ogy was easily controlled by changing reaction temperatures,
and the photocatalytic activity of ZnS:Ni*" nanoparticles for
H, production was substantially superior to those of ZnS:Ni**
hollow spheres and solid spheres due to their good crystallinity
and high surface area. Also, we find that the USP nanoparticles
are significantly more active and stable than ZnS:Ni*" powders
prepared by traditional co-precipitation, demonstrating the
usefulness of USP as a robust synthetic approach to prepare
highly active photocatalysts. We believe that ultrasonic spray
pyrolysis will be easily generalized for the preparation of other
nanostructured metal sulfide and oxide photocatalysts.
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Experimental

The aqueous ZnS precursor solution was 200 mm zinc nitrate, 1M
thiourea, and 0.2 mm nickel nitrate (i.e., 0.1 atomic wt % versus Zn)
and prepared from reagent grade materials used as purchased. The
precursor solution will begin to form a precipitate after ca. 24 h, but
the precipitate will quickly redissolve or re-suspend upon being
shaken. 3 ml of colloidal silica (Sigma-Aldrich; Ludox TMA, 34 wt %
of silica suspended in water, particle diameter ~23 nm) was added to
47 ml of the ZnS precursor solution. The resulting solution was
introduced into an atomization cell and nebulized by a 1.7MHz
household ultrasonic humidifier (Sunbeam model 696). Aerosols
produced by the nebulization were carried through a furnace by Ar
gas flow at a rate of 1.0 standard liter per minute (SLPM). The
furnace temperature was set either to 700 °C for hollow microsphere
synthesis or to 1000°C for nanoparticle synthesis. The product was
collected in a series of several bubblers containing deionized water
and then isolated from the collection media by centrifugation. After
washing and centrifuging the product with deionized water several
times, it was re-dispersed in 10% HF in ethanol to leach out the silica
templates and left at room temperature for 24h. The resulting
product was centrifuged, washed several times with ethanol and
water, and dried at room temperature.

As a control experiment, ZnS:Ni*" powder was prepared using a
co-precipitation method, as previously reported [2c]. Aqueous sodium
sulfide solution (1w, 50 ml) and zinc nitrate solution (0.2m, 100 ml)
containing 0.2 mM nickel nitrate were mixed together and stirred for
15h at room temperature. The obtained precipitate was washed
thoroughly with deionized water several times and dried under room
temperature. The dried powder was placed in a quartz tube for 2h
under Ar flow to completely remove oxygen from the tube and then
heat-treated at 500 °C under Ar flow for 2 h to improve the crystallinity.

For characterization, scanning electron microscopy (SEM) was
carried out with a Hitachi S-4700, and transmission electron
microscopy (TEM) was conducted with a JEOL 2010F. Diffuse
reflectance UV-vis spectra of the products were obtained using a
Hitachi 3300 double monochromator UV-vis spectrophotometer, and
powder X-ray diffraction (XRD) patterns were taken with a Rigaku
D-MAX diffractometer using a Cu Ko radiation. Nitrogen adsorption
and desorption isotherms were measured with a Nova 2200e Surface
Area and Pore Analyzer (Quantachrome Instruments) at liquid
nitrogen temperature (—196 °C), and the specific surface areas were
determined by the BET method. The pore size distribution of ZnS:Ni**
hollow microspheres was analyzed using the Barrett-Joyner—Halenda
(BJH) method with the adsorption branch [11]. Photocatalytic activity
of ZnS:Ni** photocatalysts towards water-splitting was evaluated
under visible light in an aqueous solution containing 0.5 M K,SO; and
Smwm Na,S as hole scavengers, as previously noted [2c]. In each case,
0.1 g of ZnS:Ni*" powder was dispersed in an aqueous solution (50 mL)
containing K,SO; (0.5M) and Na,S (Smwm) and introduced into a
water-jacketed quartz cell with a magnetic stir bar. ZnS:Ni*"
photocatalyst was then irradiated with visible light (1 >400nm) from
a 300 W Xe lamp passed through a 2m aqueous NaNO, long-pass
optical filter (see Fig. S13 in SI for a transmission spectrum of the filter
solution). ZnS:Ni** powder was kept stirred with a magnetic stir bar,
and the quartz cell was cooled with circulating water to prevent
heating. The amount of evolved H, gas was monitored with a gas
chromatography (GC) equipped with a thermal conductivity detector
(Agilent 6890 GC, G1532-60720 TCD). The quantum efficiency (QE)
of H, production by ZnS:Ni** nanoparticles was calculated using the
follow equation:

__ number of evoluted Hy moleculesx2
Q'E' (%) - number of incident photons x 100

where the number of incident photons at 430 nm was measured using a
band pass filter (Amax=430nm, half width=10nm) and chemical

Adv. Mater. 2008, 20, 2599-2603



ADVANCED
MATERIALS

actinometry using potassium ferrioxalate; all photons were assumed to
be absorbed by the photocatalyst (i.e., light scattering ignored: the QE
is therefore a lower limit) [12].
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