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ABSTRACT: Mesoporous non-silica materials have
shown unique properties in many fields such as
heterogeneous catalysis and energy conversion and
storage. Many studies have been devoted to the synthesis
of mesoporous transition-metal-containing materials.
However, the range of materials that can be made is
mainly limited to oxides. In this work, we developed an
oxide-to-sulfide transformation approach as a general
synthetic method to prepare ordered mesoporous metal
sulfides. Three first-row transition-metal sulfides, FeS,,
CoS,, and NiS,, with highly ordered mesoporous
structures and crystalline walls have been successfully
synthesized for the first time. A preliminary investigation
was performed to explore the photocatalytic properties of
the newly synthesized mesoporous metal sulfides. All of
the mesoporous metal sulfides exhibited higher activity
than their bulk counterparts for the photocatalytic
degradation of methylene blue dye under visible-light
irradiation. More importantly, the preparation method
introduced in this work may be extended to other
mesoporous metal chalcogenides for a variety of potential

applications.
Mesoporous materials have attracted attention because of
their great potential as catalysts, electrodes, and
magnetic materials."~” Since the nanocasting method was
introduced, a wide range of mesoporous transition-metal
oxides, such as Fe203,8’ Mn02,1° C03O4,11’12 NiO," and
TiO,"* with ordered pores and crystalline walls have been
synthesized using mesoporous SBA-15"° and KIT-6° silica as
hard templates. Some unique behaviors of nanocast materials
have been found for a number of applications.” " For
example, we recently synthesized a photocatalytically active
ordered mesoporous Co;0, with extremely high surface area by
nanocasting a mesoporous MgCo,0, and then selectively
leaching the magnesium.'>** Through manipulation of the
synthetic conditions and elemental compositions, the resulting
Co0;0, material exhibited a much higher activity in the
photocatalytic water oxidation reaction compared with its
bulk counterpart. This study demonstrated the importance of
synthesis in preparing mesoporous materials with the desired
composition and porosity. To continue addressing critical
challenges with mesoporous materials, new strategies to access
materials that could not be synthesized previously are
necessary.
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Among all of the transition-metal-containing materials, metal
sulfides are of particular interest because of their potential
applications in sensors,”' separations,”” catalysis,*> solar
cells,***> fuel cells,26 and batteries.””*® A few attempts to
synthesize mesoporous metal sulfides have been made.”"*>*
Pioneering work by Gao et al.*® showed the possibility of
synthesizing ordered mesoporous metal sulfides via the
nanocasting method. In the report of mesoporous WS, and
MoS, by Shi et al,,>" phosphotungstic acid (H;PW,0,,-6H,0)
and phosphomolybdic acid (H;PMo;,0,,6H,0), respectively,
were loaded into a mesoporous silica template and subjected to
high-temperature thermal treatment (600 °C) under a flow of
mixed H,S and H,. Although some important progress has
been made, the range of ordered mesoporous metal sulfides
that can be synthesized is still very limited.

A major challenge in the synthesis of mesoporous metal
sulfides using the nanocasting method, as noted by Shi et al,’!
is the large volume difference between the common metal
precursors (i.e., nitrate salts) and the final product. In the case
of iron, the unit cell volumes per iron atom in the precursor
Fe(NO,);-9H,0 and the FeS, product are 372 and 40 A’/Fe,
respectively. The 89% contraction in volume makes it very hard
to form interconnected continuous-pore structures using
traditional one-step nanocasting methods because the formed
crystallites are likely to be isolated as small islands instead of
interconnected networks. A recent study of container effects of
nanocast metal oxides by Sun et al.*” found that when a metal
nitrate was used as the precursor, the metal oxides inside the
silica template went through an acidic vapor dissolution—
recrystallization process, resulting in the growth of large,
interconnected, crystalline oxides within the porous silica
template. Utilizing an analogous formation mechanism for
metal sulfides is problematic because the thermodynamics of
H,S decomposition is not favorable at low temperatures®>>*
and the incompatibilities of H,S and metal sulfides with strong
oxidizers such as nitrates necessitate gas flow during synthesis.
The gas flow drives away the aqueous vapors necessary for
crystal growth via dissolution and reformation.

To circumvent this problem, we designed an “oxide-to-
sulfide” strategy by first forming the metal oxide within the
mesoporous silica template, taking advantage of the container
effects to form well-ordered oxides, and then transforming the
oxide to a sulfide through an H,S/sulfur vapor treatment
(Scheme 1). For example, in the case of iron, the metal atom
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Scheme 1. Oxide-to-Sulfide Transformation Can Be Used To Manage the Large Volume Contraction That Leads to Isolated

Particles in a Traditional Nanocasting Procedure
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density in a-Fe,O5 is 25.2 A%/Fe, so the sulfidation conversion
involves a much smaller, increasing volume change that ensures
continued cohesiveness of the mesostructure within the hard
template. Here we present the first synthesis of mesoporous
iron sulfide, cobalt sulfide, and nickel sulfide with ordered pores
and crystalline walls using the proposed oxide-to-sulfide
nanocasting method. Preliminary photocatalytic studies con-
firmed that the mesoporous metal disulfides exhibit substan-
tially better activities of methylene blue removal from water
than their bulk counterparts.

Detailed synthetic procedures for the ordered mesoporous
metal sulfides can be found in the Supporting Information. In
the synthesis, we found that the reaction temperature is critical
to form the desired mesostructure. A low reaction temperature
(~250 °C) for the oxide-to-sulfide conversion in the
mesoporous silica template is preferred, compared with the
higher temperatures usually used for metal oxide to disulfide
conversions (>375 °C).>** At 390 °C, the iron sulfide system
still produced an ordered mesoporous sample, while in the
cases of cobalt and nickel, large particles of cobalt sulfide and
nickel sulfide with poorly defined mesostructures were obtained
as the dominant products. Another important step in the
synthesis is the silica template removal. The 1.66 M NaOH
aqueous solutions and deionized H,O must be bubbled with N,
to remove the dissolved oxygen before they are used; otherwise,
low metal sulfide yields result because pyrite-phase materials
dissolve in the presence of oxygen with redox-active metal
cations in a basic environment.>*

For the as-made mesoporous metal sulfides, we first
examined the compositions of the resulting three mesoporous
samples using energy-dispersive X-ray spectroscopy (EDS)
because it is known that metal sulfide reactions are often off-
stoichiometric.>>™>” On the basis of the EDS results, the
estimated compositions for the as-synthesized samples are
Fe, 35S, Co,43S, and Ni, 33S,. Elemental mappings were also
performed to confirm the uniform distribution of each element
across the whole sample (Figure S1 in the Supporting
Information).
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Figure la,c,e shows typical transmission electron microscopy
(TEM) images of the three as-made mesoporous metal sulfides.
By checking many particles, we confirmed that ordered
mesostructures are present in the iron sulfide, cobalt sulfide,
and nickel sulfide materials, although some disordered particles
were observed. High-resolution TEM (HRTEM) images
(Figure 1b,d,f) show that lattice fringes are present within the
crystalline walls, and the fringe distances are consistent with the
metal disulfide crystallography. To further investigate the
crystallinity and phase, wide-angle powder X-ray diffraction
(PXRD) measurements were carried out. The results (Figure
2) show that the pyrite phase is the dominant crystal structure
in all three samples. It should be noted that the PXRD pattern
for the mesoporous iron sulfide sample (Figure 2b) shows
some marcasite polymorph, which is very common for iron
sulfide materials given their nearly identical densities.”**” Low-
angle PXRD patterns for KIT-6 and all three mesoporous metal
sulfides (Figure S2 in the Supporting Information) show a
similar diffraction peak at ~1° suggesting the existence of
mesoscale order in all of the samples.

Gas adsorption studies confirmed the mesoporous nature of
the nanocast metal sulfides. On the basis of the adsorption
isotherms, a pore diameter of ~3.4 nm with a narrow size
distribution was observed using the density functional theory
method for all three metal sulfide samples (Figure S3 in the
Supporting Information). This diameter is consistent with
those of nanocast metal oxides from mesoporous KIT-6 silica
templates.”> The Brunauer—Emmett—Teller (BET) surface
areas obtained from the N, adsorption measurements are 92,
86, and 77 m® g_1 for iron sulfide, cobalt sulfide, and nickel
sulfide, respectively. The BET surface areas for metal sulfides
are expected to be lower than those obtained for nanocast
metal oxides (typically 100 m* g~'). This is due to the fact that
the molecular weight per metal atom of a typical metal sulfide is
higher than that of the corresponding oxide, resulting in less
surface area per unit weight for materials with identical
porosities. We estimated the equivalent surface areas if the
molecular weights were those of the oxides instead of the
sulfides, and the calculated values are very similar to the surface
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Figure 1. (3, ¢, ¢) TEM and (b, d, f) HRTEM images of (a, b)
mesoporous iron sulfide, (¢, d) mesoporous nickel sulfide, and (e, f)
mesoporous cobalt sulfide materials.
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Figure 2. PXRD patterns for (a) Fe,O; in KIT-6, (b) mesoporous iron
sulfide, (c) Co;0, in KIT-6, (d) mesoporous cobalt sulfide, (e) NiO in
KIT-6, (f) mesoporous nickel sulfide, and (g) simulated pyrite FeS,.

areas reported for nanocast metal oxides. A summary of the N,
adsorption results (Table S1) and details of the calculation can
be found in the Supporting Information. The appropriate
surface area and pore diameter provide additional evidence of a
successful oxide-to-sulfide transformation.

To demonstrate the improvements in performance possible
with the new mesoporous metal sulfides, the simultaneous
photocatalytic degradation and adsorption of a methylene blue
solution was investigated. When only visible light and a very
high methylene blue starting concentration of 32 mg/L were
used, the mesoporous metal disulfides offered substantial
improvements in methylene blue removal over nonporous
catalysts with identical crystal structures (Figure 3). The low
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Figure 3. Adsorption with photocatalytic degradation of methylene
blue by (red) mesoporous and (black) bulk FeS, (squares), CoS,
(triangles), and NiS, (circles).

methylene blue removal of mesoporous NiS, compared with
mesoporous FeS, and CoS, demonstrates that material
composition plays an important role in the degradation
reaction. We suspect that a surface phenomenon relating to
the hydroxide anions formed during the photocatalytic
degradation could account for the observed differences.”®>”
With a hydroxide ion at the surface, the metal site may need to
change oxidation state from 2+ to 3+ to maintain charge
neutrality. Nickel rarely oxidizes beyond 2+, so a cycle relying
on an oxidative change, even if just momentarily, would be
severely limited. Such a phenomenon was not observed in the
cases of bulk metal sulfides, probably because their extremely
low surface areas make the differences insignificant (Figure S3
in the Supporting Information).

In summary, we have developed an “oxide-to-sulfide” strategy
and successfully synthesized the first examples of ordered
mesoporous iron sulfide, nickel sulfide, and cobalt sulfide with
crystalline walls. The excellent photocatalytic properties of
mesoporous metal sulfides have been demonstrated via a
methylene blue dye photodegradation reaction. The proposed
synthetic strategy and novel metal sulfides reported in this
paper will hopefully stimulate further investigations involving
mesoporous sulfides for a variety of materials science
applications.
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Experimental procedures, EDS elemental maps, low-angle and
additional wide-angle PXRD patterns, and gas adsorption data.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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