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Silica nanotubes can serve as high aspect ratio templates for the deposition of inorganic nanoparticles to
form novel hybrids. However, the nature of the interfacial binding is still an unresolved challenge when
considered at the atomic level. In this work, novel nanocomposites have been successfully fabricated by the
controlled nucleation and assembly of Sb,S; nanoparticles on the surface of mercaptopropyl-functionalized
silica/polymer hybrid nanotubes (HNTs). The Sb,S; nanoparticles were strongly attached to the HNTs
surface by interactions between the pendent thiol groups and inorganic sulfur atoms. Detailed analysis of
the geometric and electronic structure using first-principle density functional theory demonstrates charge
transfer from the nanoparticles to the underlying HNTSs at the Sb,S;/HNTs interfaces. Formation of a
packed array of Sb,S; nanoparticles on the HNTs results in mixing of the electronic states of the
components, and is mediated by the mercaptopropyl bridges between Sb,S; and the outer layer of the HNTs.

emiconductor nanomaterials have recently attracted considerable attention due to their novel properties

and potential applications in electronic and optoelectronic devices. Among these nanomaterials, antimony

trisulfide (Sb,S;) is recognized as a prospective material suitable for solar energy conversion, thermoelectric
technologies and optoelectronic devices in the IR region'~. Single-crystal Sb,S; nanorods have been prepared by
sonochemical methods using ionic fluids®, or by solvothermal/hydrothermal procedures involving a variety of
xanthate, dithiocarbamate, dithiophosphate and other types of single-source precursors”®. However, the forma-
tion of Sb,S; nanoparticles using simple chemical methods has not been extensively studied. Moreover, although
changes in the crystal morphology, for example from nanorods to complex flower-like arrangements, can be
induced by using surfactant-mediated hydrothermal procedures, or by regulating the type of precursor and
reaction time employed in solvothermal methods’, the fabrication of spatially patterned, multicomponent
(hybrid) materials comprising Sb,S; nanoparticles has not explored in detail, even though research on hybrid
materials has become a key focus in advanced materials research'®'>. In particular, as demonstrated in other
systems such as the decoration of carbon or silica nanotubes with a wide variety of inorganic nanoparticles'*,
the possibility of preparing hybrid functional nanomaterials via selectively assembling Sb,S; nanoparticles on the
surface of preformed nanotubular templates should provide a range of new opportunities.

In this paper, we fabricate hybrid nanostructures comprising uniformly packed arrays of Sb,S; nanopar-
ticles arranged on the silicified outer surface of highly elongated diblock copolymer nanotubes. The thiol-
functionalized silica-coated polymer nanostructures are prepared by a non-equilibrium self-assembly process
involving the water-induced transformation of particles of a swollen lamellar gel phase comprising poly
(ethylene oxide)-b-poly (1,2-butylene oxide) (E;¢B,,), tetraethoxysilane, and 3-mercaptopropyl triethoxysilane
(HS(CH,);Si(OC,Hs)5)*". The silicified myelin-like hybrid nanotubules (HNTSs) are then incubated at room
temperature in a water/ethylene glycol reaction solution containing antimony chloride (SbCl;) and thioacetamide
(CH;CSNH,) to generate high aspect ratio silica/polymer nanostructures decorated with closely packed arrange-
ments of discrete Sb,S; nanoparticles. We use a range of physical methods to investigate the structural and
morphological aspects of the as-synthesized and thermally treated nanocomposites, and to elucidate the nature of
the mercaptopropyl-functionalized silica surface and its interface with clusters of Sb,S;. Moreover, because the
hybrid nanocomposites are integrated structures rather than physical mixtures, the role of the interfacial bonding
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is of central importance for understanding the structure and prop-
erties of such materials®>. We therefore use theoretical calculations
of geometric structures and electronic properties based on the
first-principles density functional theory (DFT) to provide a detailed
atomic level model of the hybrid interface associated with the
as-synthesized HNTs before and after decoration with Sb,S;
nanoparticles.

Results

Addition of an ethylene glycol solution of antinomy chloride to a
suspension of thiol-functionalized silica/polymer (E;¢B,,) myelin-
like hybrid nanotubules (HNTs) dispersed in aqueous thioacetamide
(TAA) produced a lemon-yellow colored solution of soluble
[Sb(TAA)]** complexes that decomposed through nucleophilic
attack of water molecules to release S*~ ions. The corresponding
increase in supersaturation with respect to the nucleation of Sb,S;
was associated with the formation of an orange dispersion after
5 min, which turned brick-red when left unstirred for 24 h at
room temperature (Fig. 1a). XRD analysis of the brick-red precipitate
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Figure 1 \ Formation and phase structure of Sb,S;/HNTs. (a) UV-vis
spectra of the reaction solution during the synthesis of Sb,S;/HNTs at
different reaction times: t = 0 min, colorless; t = 1 min, lemon yellow;

t =5 min, orange and t = 24 h, brick red. Inset shows corresponding color
changes of the reaction solution. (b) XRD patterns of as-synthesized (pink)
and calcined Sb,S;/HNTs at 400°C under N, (black).

indicated that the as-synthesized Sb,S;/HNTs nanocomposites were
amorphous, whereas subsequent calcination of the hybrid material at
400°C under N, resulted in a well-crystallized product exhibiting
sharp reflections that were indexed to the orthorhombic Sb,S; phase
(a =11.226 A, b = 11.307 A and ¢ = 3.835 A; JCPDS File 06-0474,
Fig. 1b). Formation of the orthorhombic phase was consistent with
other synthetic routes involving solvothermal, hydrothermal, sono-
chemical or pulsed growth procedures***, and was also replicated in
control experiments prepared as above but in the absence of the
HNTs (Supplementary Fig. S1 and Table S1), indicating that the
silicified polymer nanotubes had no effect on the crystallinity of
the Sb,S; produced by calcination (all the polymer component was
decomposed at 350°C (TGA and DSC data not shown). The as-
synthesized Sb,S;/silica product exhibited a broad peak around
290 cm ™' characteristic of amorphous materials, while the calcined
product exhibited six characteristic Raman peaks at 150, 186, 249,
291, 371 and 451 cm ™' (Supplementary Fig. S2), in good agreement
with previous Raman spectroscopy studies>”’. The peak around
290 cm™' and relatively broad peak at 451 cm™' were ascribed to
the SbS; pyramidal unit with C;, symmetric modes, and symmetric
stretching of the Sb-S-S-Sb linkage, respectively.

TEM images of the as-synthesized HNT's prepared at a Sb:Si molar
ratio of 1:1 showed a network of soft, flexible, highly elongated
nanostructures, which were ca. 150 nm in diameter and a few micro-
metres in length (Fig. 2a). High-magnification TEM images showed
the presence of discrete nanoparticles that were uniformly assembled
on the external surface of the HNTs (Fig. 2b, ¢). EDX analysis of the
Sb,S;/HNTs showed high intensity peaks for S and Sb, along with a
negligible peak for Si (Fig. 2d), suggesting that the surface-embedded
nanoparticles consisted of amorphous Sb,Ss. Particle size measure-
ments gave a distribution of nanoparticle dimensions across a range
from 4 to 13 nm, with an average size of 7.8 nm (Fig. 2e).
Significantly, thermal treatment of the Sb,S;/HNTs at 400°C under
N, gave an inorganic silica/Sb,S; product that exhibited partial
retention of the filamentous morphology of the nanotubular tem-
plate (Fig. 2f). SAED patterns displayed reflections consistent with
well-crystallized Sb,S; (Fig. 2g), in accordance with the XRD results
obtained from the bulk sample (Fig. 1b).

We investigated the nature of the interfacial interactions through
FTIR spectroscopic and XPS analysis. FTIR spectra of the native
HNTs showed a strong characteristic peak at 1105 cm ™", consistent
with the superimposition of a C-O stretching vibration in the C-O-
C structure of the polymer and Si-O stretching vibration in the silica
overlayer of the HNTs (Supplementary Fig. S3). Peaks at 2871-
2970 cm™' and 1460 cm™', corresponding to the polymer C-H
stretching and C-H scissor vibrations, respectively, were also
observed*'. A broad O-H stretching vibration peak was present at
3437 cm™' (Supplementary Fig. S3a). Significantly, a22 cm™" shift of
the Si-O stretching vibration from 1105 to 1083 cm™' was observed
in the presence of surface-attached Sb,S; nanoparticles, indicating a
change in the vibration environment of the Si-O bonds in the as-
synthesized Sb,S;/HNTs, possibly due to the formation of covalent
S-Sb bonds on the surface of the thiol-functionalized HNTs
(Supplementary Fig. $3a). (The electronegativity difference between
S (2.58) and Sb (2.05) is only 0.53, and the S-Sb bond length (2.40 A)
is greater than that of S-H (1.35 A), implying a decrease in the
vibration frequency). FTIR spectra of the calcined product con-
firmed complete loss of the polymer component, and showed no
further change in the Si-O stretching frequency from the shifted
value of 1083 cm™', implying that the S-Sb bonds remained intact
after thermal treatment (Supplementary Fig. S3b).

XPS measurements were carried out to identify the surface chem-
ical composition and the oxidation state for the as-synthesized Sb,S;/
HNTs (Supplementary Fig. S4). In general, no obvious impurities
were detected in the XPS survey spectrum (Supplementary Fig. S4a)
of the as-synthesized Sb,S;/HNTSs, which showed only a weak Si 2p
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Figure 2 | Morphologies of as-synthesized and calcined Sb,S;/HNTs.

peak due to the uniform coverage of Sb,S; nanoparticles on the
surface of the HNTs as observed by TEM (Fig. 2). Values for the
Sb:S molar ratio of 1:1.51 and 1:1.70 were determined for a control
sample of as-synthesized Sb,S; and Sb,S;/HNTS, respectively, con-
sistent with a stoichiometry of Sb,Ss, with surplus sulfur in the latter
arising from the HNT's template. The high-resolution XPS profiles of
the main constituents (Sb 3d, S 2p, O 1s and C 1s) of the as-synthe-
sized Sb,S;/HNTs nanocomposite surface showed peak positions for
both Sb 4d and S 2p at around 33.65 and 162.10 eV, respectively*,
and the two observed orbital peaks for Sb 3ds,, (529.42 eV) and Sb
3ds/, (538.83 eV) (Supplementary Fig. S4b)*°, confirmed the pres-
ence of Sb(III). These values were very similar to those determined
in the control sample of amorphous Sb,S; (Sb 3d, 529.60 and
538.97 eV), implying that the binding energy of Sb 3d remained
unchanged before and after assembly on the surface of the HNTs.
The S 2p region of the XPS profile for the as-synthesized Sb,S;/HNTs
was composed of three contributions (Supplementary Fig. S4c); two
main peaks at binding energies of 162.16 and 161.10 eV that were
attributed to a single doublet from S-Sb bonds, and a relatively low
intensity peak at 163.2 eV from C-SH bonds of the HNTs*. The
peak at 162.10 eV showed a local chemical shift compared with that
of the control Sb,S; sample (161.58 eV), consistent with the forma-
tion of S-Sb bonds between the thiolated residues of the HNT tem-
plate and Sb(III) ions on the surface of the assembled Sb,S;
nanoparticles, as also suggested by FTIR analysis (Supplementary
Fig. $3). The position of the O 1s binding energy was superposed
with that of the S 3ds/, binding energy (Supplementary Fig. S4b).
However, a broader high-resolution XPS profile of the O 1s region
showed O 1s peaks at 532.09 and 533.44 eV that were ascribed to
contributions from C-O/C=0 bonds and Si-O/adsorbed H,O,
respectively®®. Observation of the small Si 2p peak at 103.05 eV
(Supplementary Fig. S4a), corresponding to Si-O of SiO,*, further
confirmed the presence of silica under the packed array of Sb,S;
nanoparticles. Deconvolution of the C 1s region showed two peaks
at 284.79 and 286.24 eV, which were attributed respectively to the

(a) TEM images of as-synthesized Sb,S;/HNTs nanocomposites at low
magnification. (b) Single HNT coated with uniform Sb,S; nanoparticles embedded in the surface silica coating. (c) Open end of a single HNT with
associated silica matrix and Sb,S; nanoparticles viewed at high magnification. (d) Representative EDX spectrum. (e) Size distribution diagram of Sb,S;
nanoparticles shown in (b). (f) TEM image of calcined Sb,S;/HNTs at 400°C under N,. (g) Corresponding SAED pattern.

C-C and C-O (or C-SH) contributions of the as-synthesized Sb,S;/
HNTs.

The optical properties of the as-synthesized and calcined Sb,S;/
HNTSs were investigated by solid-state UV-vis absorption spectro-
scopy, which showed absorbance peaks at around 460 or 670 nm,
respectively, with the latter comprising an extended absorption edge
of about 750 nm (Supplementary Fig. S5a). Direct band gap energies
were determined by fitting the absorption data to the direct transition
equation®®, which gave values of 2.10 and 1.67 eV for the amorphous
(as-synthesized) and crystalline forms of Sb,S; (calcined), respect-
ively. The latter value was lower than that of other reports on crys-
talline Sb,S; (1.78-2.50 eV)*, suggesting that the Sb,S;/HNTSs
nanocomposite may have potential applications in solar energy
and photoelectronic devices. The red-shift in the absorption edge
and direct band gap decrease is directly associated with crystalliza-
tion of the amorphous Sb,S; phase®. The amorphous Sb,S;/HNTs
can be considered as a degenerate direct band gap semiconductor due
to the high density of defects and the existence of a large number of
states within the energy gap. This was consistent with a plot of (ahv)*
vs. hv (o is the optical absorption coefficient) for the amorphous as-
synthesized sample (Supplementary Fig. S5b), which showed an
exponential-like tailing of the straight line; that is, the absorption
decreased slowly compared to the crystalline calcined Sb,S; material
below the optical gap. To determine the valence band (VB) and
conduction band (CB) positions of the samples, we theoretically
calculated the band edge positions of the materials using the atomic
electronegativities of the constituent atoms®>*'. The calculated Eyp of
the calcined Sb,S;/HNT's was 1.97 eV, similar to that of pure Sb,S;
(Evs = 1.98 eV), suggesting that it would also be an potential excel-
lent visible-light responsive photocatalyst in the environmental
fields. Laser confocal scanning microscopy was used to record the
fluorescence spectra of different samples. As expected, the fluor-
escence intensities in the presence of Sb,S; were much higher than
the native HNTs with the as-synthesized Sb,S;/HNTs nanocompo-
sites exhibiting higher fluorescence intensities than control samples
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of amorphous Sb,S; (Supplementary Fig. S6). Although morpho-
logical factors, quantum effects and coupling can influence the fluor-
escence intensity’’, the uniform distribution of Sb,S; nanoparticles
on the surface of the HNTs might be responsible for the higher
intensity by allowing increased numbers of electron and holes to
return to the ground state via optically radiative recombination
routes.

We simulated a surface structure model of amorphous silica by
using crystalline approximations (Supplementary Fig. S7)**, and con-
structed the thiol-functionalized silica surface of the native HNTs by
replacing the surface hydroxyl groups of amorphous silica with
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mercaptopropyl groups (Fig. 3a-c). Density functional theory
(DFT) calculations gave an average Si-O bond length of 1.60 A
(Supplementary Fig. S8b). Whilst there were two distinct Si-O bonds
with slightly different bond lengths in the bulk silica crystal, the Si-O
bond lengths were all very close to 1.60 A after full relaxation of
the whole slab, consistent with the amorphous structure*. The
average bond lengths of C-C, C-S and S-H in the covalently linked
—(CH,);SH surface group were calculated to be 1.517, 1.812 and
1.356 A (Supplementary Fig. S8d—f), respectively, which agreed well
with previous experimental results (1.524, 1.808, 1.340 A)**,
Moreover, hydroxyl groups positioned at the base of the surface layer

C

Figure 3 | Geometric structure and electronic properties of thiol-functionalized silica surface. (a) Side view and (b) top view showing
mercaptopropyl groups. (c) Single Si—(CH,)3SH chain showing bond distances in A. (d) Total density of states (DOS) and atom-projected density of
states (PDOS) for the silica surface of HNTs covalently functionalized with pendent mercaptopropyl groups. (e) Partial charge density of the HNT
surface, corresponding to the band above the valence band maximum (VBM). The isosurface levels are 0.01 elA>,
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were in an approximately parallel conformation (Fig. 3a), facilitating
the formation of surface hydrogen bonds between nearest neighbor-
ing hydroxyls. In contrast, the top of the mercaptopropyl-functiona-
lized silica surface consisted of a diverse distribution of thiol groups
due to the abundant lone pairs on the sulfur atoms. In order to gain
deeper insight into the strong influence of the mercaptopropyl
groups on the in situ surface environment, we performed a dynamic
analysis of the HNTs surface structure. Significantly, the bond length
distributions in the —(CH,);SH moiety after 5 ps dynamic equilib-
rium (Supplementary Fig. S9) demonstrated that the pendent
-C3HSH group altered the SiNTs surface to a rather flexible and
variable organic surface, showing a heterogeneous surface structure
of covalently linked pendent mercaptopropyl groups.

The valence bands associated with the unfunctionalized silica sur-
face consisted of O 2p states, while the conduction bands were
formed from a mixture of O 2s, H 1s, and Si 3s states (Supplementary
Fig. S7c). Calculation of the density of states (DOS) and partial
charge density for the mercaptopropyl-functionalized silica surface
of the HNTSs indicated that the lower and upper valence bands were
composed of mainly O 2s or O 2p, respectively, along with states
hybridized with the -(CH,);SH group (Fig. 3d, e). The conduction
band near the conduction band maximum (CBM) was mainly a H 1s
state, partly hybridized with S 3p states. The most significant change
associated with surface attachment of the mercaptpropyl groups was
that the lone pair on the S atom introduced a localized band above the
valance band maximum (VBM) of pure silica, which contained some
states consisting of mixtures of S 3p with C 2p and H 1s states. This
was clearly shown in the partial charge density of the HNTSs surface
(Fig. 3d). Interestingly, the band gap reduced to a value of 3.75 eV,
indicating that the HNTs should show a much stronger UV light
absorption and chemical reactivity than the pure silica surface.

Given the above FTIR spectroscopic and XPS investigations, we
investigated the formation of S-Sb interfacial binding through
molecular simulation methods. Previously, it has been reported that
a fully hydrogenated silica surface was inert with respect to the
adsorption of Au atoms, even though the binding energy between
Au and Si surface dangling bonds (3.8 eV) or O dangling bonds
(2.7 eV) was higher than that between Au and any surface site at
the TiO, surface. Since the bonding nature is still confusing®®, based
on previous research on the adsorption of thiols on Au surfaces®, we
performed DFT calculations for the interfacial binding between
Sb,S; nanoparticles and the deprotonated HNTs surface. The DOS
for the Sb,S;/HNTs nanocomposites surface structure remained the
same as the algebraic sum of the DOS of Sb,S; and that of the HNTs
surface before and after physisorption. However, similar to bond
formation between Au and -SH*, chemisorption leads to covalent
bond formation at the interface to produce a significant change in the
electronic structure for the nanocomposites that resulted from elec-
tron-stimulated hydrogen desorption (The detailed DOS for the
three samples are given in Supplementary Fig. S10). The DOS of
the Sb,S;/HNTSs nanocomposites near the Fermi energy was greatly
affected by the formed S-Sb covalent bond (Fig. 4). It was observed
that the band gap of the nanocomposites was dependent on the
highest occupied molecular orbital/lowest unoccupied molecular
orbital (HOMO-LUMO) gap of the assembled Sb,S; nanoparticles
in region I, indicating that the highest optical adsorption wavelength
should not be obviously changed after chemisorption. However, the
rather localized mixed states of Sb,S; and the HNT's overlap in region
II, and the mixed charge density in region III demonstrates that
significant electronic structure changes occur upon the formation
of S-Sb covalent bonds during the adsorption process.

Fig. 5 shows the calculated charge density difference at the Sb,Ss/
HNTs interface. Charge transfer was particularly noticeable at the
Sb-S bond traversing the interface between Sb atoms of the Sb,S;
nanoparticle and S atoms of the thiol moiety on the HNTs surface
(see dotted circles in Fig. 5b). The Mulliken charges on the Sb and S
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Figure 4 | Partial charge density corresponding to the near band gap
states. The isosurface levels were 0.01 ¢/A®. The brown and green line in
region I represent CBM and VBM states, the blue and purple line in region
IT represent valence band states near VBM, and the blue line in region III
represent the lower valence band states.

atoms in the Sb,S; nanoparticles ranged from 0.41 to 0.66 e, and
—0.37 to —0.56 e, respectively, which as expected were considerably
less than values for the bulk structures due to the decreased coordi-
nation numbers associated with atoms in nanoscale clusters or at
surface sites. With regard to the HNTs template, the Mulliken
charges of the S atoms ranged from —0.11 to —0.14 e, corresponding
to the observed by XPS data that showed a higher binding energy
(162.10 eV) of S 2p compared to that of the S atoms (161.58 eV) in
Sb,S;. The charges of Sb, S, C at the relaxed nanocomposite interface
were 0.93 e, —0.22 e, 0.61 e, respectively (Fig. 5b), which were dif-
ferent from the charges of 0.63 e, —0.15 e, 0.64 e before chemisorp-
tion, indicating significant charge transfer at the Sb,S;/HNTSs
interface. These theoretical calculations coincided well with the
experimental results, revealing the origin of the interfacial affinity
of the mercaptopropyl functional groups for the Sb,S; nanoparticles
and their strong aggregation onto the outer surface of the HNTs.

Figure 5 | Interface between Sb,S; nanoparticles and HNTs. (a) Side
(upper panel) and top (lower panel) view of the interface between Sb,S;
nanoparticles and the mercaptpropyl-functionalized silica surface of a
HNT in Sb,S;/HNT nanocomposites. (b) Charge density difference of the
Sb,S;/HNT interface plotted along the plane designated by the dotted lines
shown in the lower panel of (a). Blue corresponds to charge depletion and
red to charge gain. Isosurfaces are shown in the range [—0.05, 0.05] (e/A3).
Contours of constant charge density are separated by 0.003 eV/A®, The
small yellow or violet balls represent S or Sb atoms, respectively, in Sb,S;
nanoparticles. The large yellow, black, or white balls represent S, C, or H
atoms in the HNT surface.
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Although a similar mode of charge transfer was determined for the
interfaces between thiol groups and Au or Ag atoms**'~*, the details
of the mechanism remains obscure. We hope our results therefore
provide both specific and general insights into the nature of inter-
facial interactions in multi-component nanomaterials with inte-
grated structure and function.

Discussion

As for the synthesis of Sb,S3/HNTSs, we also investigated the influ-
ence of the Sb:Si molar ratio, as well as the effect of the order of
addition of the reactants, on the fidelity of the templating process.
No significant modifications in the as-synthesized or calcined mate-
rials were observed when the Sb:Si molar ratio was changed from 1:1
to 1:10, which corresponded to Sb,S;: silica mass ratios ranging
from 17:6 to 17:60, respectively, in the hybrid materials.
However, at Sb:Si = 1: 10, the relatively low Sb content resulted in
sporadic deposition of Sb,S; nanoparticles across the surface of the
silicified polymer tubules rather than a uniform distribution
(Supplementary Fig. S11a, b and S12). Under these conditions, the
reduced rate of inorganic nucleation was also associated with an
approximate two-fold increase in the mean size of the individual
Sb,S; nanoparticles to a value of 15.6 nm. Interestingly, replacing
the simultaneous addition of TAA and HNT's to the antinomy chlor-
ide solution with a procedure in which TA A was added first, followed
by an aliquot of the HNT's suspension only after the reaction solution
had turned orange in color, also produced silicified polymer myelin
tubules coated with uniform-sized Sb,S; nanoparticles, 11.0 nm in
mean size (Supplementary Fig. S11c). Although we could not rule out
the possibility of primary nucleation occurring directly on the surface
of the nanotubular template, our results suggested that formation of
Sb,S; nanoparticles in solution followed by strong adsorption onto
the surface of the thiol-functionalized silica-coated polymer nano-
tubes was the principal mechanism underlying the surface decora-
tion process. Our results also indicate that non-equilibrium
processes of E;4B,, myelination can be used to prepare thiol-
functionalized, polymer/silica HNTs with high shape anisotropy,
which in turn can be exploited as nanostructured templates for
the controlled spatial deposition of amorphous Sb,S; and its sub-
sequent transformation to silica fibres embedded with crystalline
Sb,S; nanoparticles.

In summary, the uniform Sb,S; nanoparticles were spontaneously
assembled as packed arrays on thiol-functionalized silica/polymer
myelin-like nanotubular templates to produce novel hybrid multi-
functional nanocomposites. A theoretical prototype of a hybrid
Sb,Ss/silica nanotube surface structure was proposed, and DFT cal-
culations of the geometric structure and the electronic properties
provided a deeper insight into the role played by the mercaptopropyl
groups in the attachment of nanoparticles to the silicified outer loc-
ating of the HNT substrate. The major optical property of the pre-
pared hybrid nanocomposites was determined by the electron states
of the assembled Sb,S; nanoparticles, while the electronic property of
each component was considerably hybridized. Charge transfer from
Sb,S; to the HNT s substrate was confirmed. Our approach may pave
a way towards the engineering of hybrid nanostructures as versatile
platforms for the synthesis and assembly of nanoparticles to produce
nanocomposites with tailored and enhanced functional properties.
Moreover, the electronic structure information derived from DFT
calculations reported herein could benefit the future atomic-level
analysis of hybrid nanocomposites in general.

Methods

Materials synthesis. Hybrid nanotubes of thiol-functionalized silica-E,B,, myelin
nanotubes (HNTs) were synthesized according to our previous work®'. Typically,
poly (ethylene oxide)-b-poly (1,2-butylene oxide) (E;¢B2,, M,, = 2300, PI: 1.13, APM,
Canada) was mixed with tetraethoxysilane (TEOS) and 3-mercaptopropyl
triethoxysilane (MTEOS) [HS(CH,);Si(OC,Hs)s] at a molar ratios of
E16B2»:TEOS:MTEOS = 1:3.5:3.5. Aqueous NH,OH (125 mM, pH 10.8) was added

to the mixture to give a final concentration of 0.1 wt% of E;B,, in water. The resulting
dispersion was sonicated in a water bath for 1 min and then left unstirred at 22-25°C
for 3 days to produce thiol-functionalized silica/polymer myelin-like nanostructures.
The preparation of Sb,S;/HNTs nanocomposites was performed via a novel room-
temperature procedure. Typically, 0.0571 g antimony chloride (SbCls, 99.99%,
Aldrich) was dissolved in 5 mL ethylene glycol (EG, 99%, Aldrich) in a capped glass
bottle to form a colorless solution. 0.0376 g of thioacetamide (TAA, 99%, Sigma-
Aldrich), along with a suspension of pre-prepared HNTs were simultaneously added
to the clear solution at a Sb:Si molar ratio from 1:1 to 1: 10. After stirring for 1 min,
the solution became lemon-yellow in color, followed by the formation of an orange
precipitate after 5 min. Leaving the suspensions unstirred for 24 h at room
temperature resulted in a brick-red precipitate, which was separated by
centrifugation, washed with anhydrous ethanol several times, and then vacuum-dried
at 70°C for 10 h in air to produce the as-synthesized Sb,S;/HNTs samples. Thermal
treatment of the as-synthesized materials was carried out at 400°C for 6 h under N,
(flowing rate of 1 L/min) with a heating rate of 2°C/min in a tube furnace. Pure Sb,S;
was synthesized according to the same experimental process without addition of a
dispersion of HNTs.

Characterization. X-ray diffraction (XRD) measurements were carried out using a
Bruker Advance powder diffractometer with Cu Ko radiation (4 = 0.15406 nm). A
transmission electron microscope (TEM, JEOL JEM-1200EX, 120 kV) was used for
morphological analysis of the samples. High-resolution transmission electron
microscope (HRTEM) images and selected area electron diffraction (SAED) patterns
were recorded on a JEOL JSM 3010 electron microscope operating at 200 kV. Energy
dispersive X-ray (EDX) analysis of the samples was carried out on an OXFORD
instrument attached to the HRTEM instrument in the scanning range of 0-30 eV.
Fourier transform infrared spectroscopy (FTIR) spectra of the samples were collected
on a PERKIN ELMER Spectrum One FTIR spectrometer using KBr discs in the range
0f 4000-400 cm™'. Thermogravimetric differential scanning calorimetry (TG-DSC)
was performed in air using a Netzsch STA 409EP simultaneous thermal analyzer at a
heating rate of 5°C/min. X-ray photoelectron spectroscopy (XPS) analysis was
performed on a Thermo ESCALAB 250 spectrometer equipped with an Al Ko
(1486.6 €V) monochromator X-ray source. The spectra were calibrated by using the
adventitious carbon Cls (284.6 eV) peak. High-resolution XPS data were fitted with
Gaussian-Lorentz functions after background subtraction using the ESCALAB v1.5
data processing software under the constraint of setting a reasonable binding energy
(BE) shift and full width at half-maximum range (FWHM). Liquid phase ultraviolet-
visible (UV-vis) diffuse reflectance spectra were measured using a Perkin-Elmer
Lambda 25 UV-vis spectrometer at room temperature. A Shimadzu UV-2550 UV-
visible spectrophotometer was used to obtain the absorption spectra of the solid
samples with a wavelength range of 200-800 nm using BaSO, as a reference material.
The band gap energy was determined by fitting the absorption data to the direct
transition equation; («hv)® = A(hv — Eg), where « is the optical absorption coefficient,
hv is the corresponding phonon energy, Eg is the direct band gap energy, and A is a
constant. Plotting («hv)® as a function of hv, and extrapolating the linear portion of
the spectra to ahv = 0, gave the values of the direct band gap (Eg). The valence band
(VB) position was estimated by the following empirical equation: Eyp = X — E° +
0.5E,, where Eyg is the VB edge potential, X the electronegativity of the sample, which
is the geometric mean of the electronegativity of the constituent atoms (5.63 eV for
Sb,Ss), E* is the energy of free electrons on the hydrogen scale (=4.5 eV), and Ey is the
band gap energy of the sample. A Leica TCS-SP2-AOBS laser confocal scanning
microscope (attached to a Leica DM IRE2 inverted epiflurescence microscope) was
employed to analyze the fluorescence intensity of the samples. Raman spectra were
acquired with a Renishaw RCH22 spectrometer, using a laser excitation wavelength of
514 nm (green). The samples were placed onto a glass microscope slide, and the laser
focused onto the top surface to maximize the signal. Spectra were recorded between
100-1000 cm ™.

Calculations. All calculations were performed with the program CASTEP
(Cambridge Sequential Total Energy Package) code, based on first-principle density
functional theory (DFT). Both the local density approximation (LDA) and
generalized gradient approximation (GGA) with the exchange-correlation potential
by Perdew, Burke and Ernzerhof (PBE), were used for the calculations**. The ultrasoft
pseudo-potential plane-wave formalism was applied for efficient computation. An
energy cutoff of 400 eV was used. The Monkhorst-Pack grid with sufficiently dense k
points mesh was used for the convergence of the results and accurate calculation of
the density of electronic states, whilst Gamma point was used for geometrical
calculations. The self-consistent total energy in the ground state was effectively
obtained by the density-mixing scheme. During the geometry optimizations, the
convergence threshold for self-consistent field (SCF) tolerance was set to 1.0 X
10~ eV/atom, all forces on the atoms were converged to less than 0.03 eV/A, the total
stress tensor was reduced to the order of 0.05 GPa, and the maximum ionic
displacement was within 0.001 A. The cell parameters and atomic coordination of
bulk Sb,S; and silica structures were optimized during the geometry optimization
using a Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization algorithm®. Two
schemes were tested for the silica surface structure. As similar electronic structure
results have been obtained for the two surface structures cleaved from both the native
bulk structures and the relaxed bulk structures, we adopted the original cell
parameters for the following calculations. The slab thickness of silica was varied from
5.2 A to 14.1 A, corresponding to three to six layers, and no change in the electronic
structure of silica was determined. Thus, a three-layer thick slab was considered in
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this work. Furthermore, in order to avoid the fictitious interaction between the
assembled Sb,S; nanoparticles resulting from the periodic boundary condition, the
3 X 3 extended periodic silica (001) surface of 14.739 X 14.739 A was adopted.
Furthermore, we employed a HNT model surface structure with the surface -OH
groups replaced by —-(CH,);SH moieties, giving a total of 216 atoms. The slabs were
separated by a vacuum region of 25 A along the perpendicular direction. The
geometric and electronic properties were analyzed using both hydrated and
dehydrated models before further investigations of the interface mechanism
operating between the assembled nanoparticles and the HNTSs substrate. The
interfacial model comprising suitable structures was then considered an appropriate
theoretical description to elucidate the experimental observations.
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