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Abstract — This work deals with the characterization of ZnS NanoParticles (NP), prepared by
precipitation employing thioacetamide as sulfur source at different reaction time length. The
attention is focused on the modification induced on structural, surface and electronic properties of
ZnS NP by post-synthesis treatments. These were aimed at removing from the samples surface
adsorbed reactants, by washing or thermal treatments, both in air or vacuum. The effect of these
parameters is followed by X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM),
Fourier Transform InfraRed (FTIR), gas-volumetric and ThermoGravimetric Analysis (TGA).
Moreover, the effect of nanostructuration on the semiconducting material band gap is evaluated by
Diffuse Reflectance UV-Vis (DR UV-Vis) spectroscopy. Density Functional Theory (DFT) calculations
have been employed to clarify the role of the adsorbed reactants on the surface stability and to
assess the relationship between particle size and band gap value.

Résumé — Effet des traitements aprés-synthése sur les propriétés de nanoparticules de ZnS : une
étude expérimentale et computationnelle — Ce travail concerne la caractérisation de nanoparticules
de ZnS préparées par précipitation en présence de ThioAcétAmide (TAA) comme source de soufre. On a
étudié, en particulier, les modifications des propriétés structurelles, superficielles et électroniques en
fonction des paramétres de synthése (temps, solvant et source de soufre) et des traitements apres-
synthése considérés. Ces derniers avaient pour but d’éliminer les réactifs adsorbés sur la surface par
lavages ou traitements thermiques a 1’air ou sous vide. L’effet des différents traitements a été suivi
par diffraction des rayons X (XRD), microscopie de transmission électronique (TEM), spectroscopie
infra rouge a transformée de Fourier (FTIR), analyse volumétrique des gaz et thermogravimétrie
(TGA). En outre, I’effet de la nanostructure sur les propriétés de la largeur de bande du matériau
semi-conducteur a été évalué par spectroscopie de reflectance UV-Vis (DR UV-Vis). Des théories de
la fonctionnelle de la densité (DFT) ont été utilisées pour clarifier le role des réactifs adsorbés sur la
stabilité de la surface et pour établir une relation entre la dimension des particules et la largeur de bande.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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INTRODUCTION

Since the first discovery by Honda and Fujishima, photoca-
talyst hydrogen production has attracted strong consider-
ation [1]. Many heterogeneous photocatalysts have been
found, mostly working in ultraviolet region, which accounts
for only 5% of the solar spectrum [2-4]. Taking this into
account, it is understandable the existing wide interest in
searching new visible-light-driven photocatalysts that could
replace the “old” ones and extend their response to the solar
spectrum. Up to now, the number of such photocatalysts is
still limited [5-7]. Although CdS is reported as an effective
photocatalyst with a bang gap suitable for visible light
exploitation, its activity depends on expensive noble metals
deposited on its surface, and environmental and safety con-
cerns related to the well-know cadmium toxicity are serious
limitations to applications in large scale [8, 9]. As an alterna-
tive ZnS can produce H, effectively without noble metal
co-catalyst, due to its high conduction band position, but
the wide band gap (3.7 eV) implies that only ultraviolet radi-
ation can be employed to produce electron/hole couples
[10]. This is the reason why band gap engineering has been
proposed to modify the electronic properties of ZnS and
improve its visible light harvesting efficacy [11-13].

Apart from the electronic properties (band gap, conduc-
tion and valence band position) the main requirements for
an efficient photocatalysts are high crystallinity (to avoid
the presence of defects, acting as electron/hole recombina-
tion traps), coupled to high surface area and small particle
size (to increase the efficacy of electron/hole migration to
the surface). This implies that a careful control of these
parameters is crucial in the synthesis of a nanostructured
photocatalyst.

Different chemical routes have been used to prepare small
semiconducting NanoParticles (NP). The most common way
is to use stabilizing agents which prevent growth of particles
and their agglomeration by electrostatic and steric repulsion
[14-19]. But at the same time they modify the structural,
morphological and optical properties of nanoparticles.
Growth of strongly confined nanoparticles without a capping
agent is difficult to achieve and rarely reported. Among other
chemical routes the use of reversed micellars solutions
[20, 21], thin film deposition process, inorganic templates
were reported.

For materials based on CdS and ZnS an alternative route
for preparation of nanoparticles is a hydrothermal synthesis
procedure [22]. The use of ThioAcetAmide (TAA) as a sul-
fur source allows obtaining well mono-dispersed particles,
whose size depends upon the reaction conditions. The for-
mation of small spherical CdS NP, which are then trans-
formed into cylindrical structures while the reaction
proceeds was reported [23]. The early work where TAA
was applied in ZnS synthesis reported the formation of

submicrometric particles [24]. Later, the effect of sulfur
source (TAA in comparison with Na,S) in the synthesis of
ZnS based system (ZnS/CdS, ZnS/ZnO) was studied by
different authors [25, 26]. The detailed investigation of the
precipitation dynamic of ZnS from TAA decomposition
in conditions close to those applied in other works was
carried out with attention on product agglomeration [27].
The authors showed a crucial role of hydrodynamics in the
determination of size and agglomeration, and studied the
influence of parameters such as pH, electrical conductivity,
concentration of sulfide ions and turbidity. The obtained
results could be very helpful in control of morphology and
associated properties.

Recently, we also demonstrated that this synthesis proce-
dure works well in case of ZnS [28]. In particular, we
showed that the reaction carried out at room temperature
employing a methanol/ethanol mixture as a solvent was suit-
able for the formation of small ZnS NP with much higher
yield with respect to what obtained in water. In this contribu-
tion, the attention is focused on the effect of post-synthesis
treatments, aimed at removing the reactants and impurities
adsorbed on the ZnS photocatalyst surface, on the material
properties. This is studied on samples prepared at different
reaction time length in methanol/ethanol mixture with
TAA. The work reports a detailed physico-chemical charac-
terization of the materials, concerning their morphology,
structure, textural properties, adsorbed species and elec-
tronic properties. Moreover, Density Functional Theory
(DFT) calculations have been employed to gain hints on
the size dependence of surface and electron properties of
the ZnS NP. The adsorption of formic acid (as a simple
model of surface species adsorbed during the synthesis pro-
cess) has been simulated. The interaction with the most rel-
evant ZnS surfaces (110 and 111) [29] has been considered.

1 EXPERIMENTAL SECTION

1.1 Synthesis

ThioAcetAmide (CH3;CSNH,, TAA) was purchased from
Sigma  Aldrich; analytical grade zinc acetate (Zn
(CH3CO0),-2H,0, ZnAc) from Baker Analyzed ACS
Reagent; methanol and ethanol from Carlo Erba reagents.
Bulk ZnS (powder, <10 pm, 99.99%) was purchased from
Sigma Aldrich. All the chemical and solvents were used as
received without further purification.

In a typical procedure TAA and ZnAc were dissolved
separately in ethanol/methanol 1/1 mixture at 313 K, to give
0.2 M solutions [28, 29]. The TAA solution was then slowly
added to the ZnAc one under continuous stirring. The result-
ing mixture (50 mL total volume) was left under stirring for
6 h or 24 h. Afterwards the resulting white powder was
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separated by centrifugation (4 000 rpm), and washed first
with the alcohol mixture and then trice with distilled water
at Room Temperature (RT) or 353 K. The cleaned product
was dried for about 3 h in oven at 353 K. The obtained sam-
ples were carefully milled before characterization. The label-
ing of the samples in the text is related to reaction time length
(ZnS_6h or ZnS_24h) and to the water temperature in wash-
ing procedure: ZnS xh HW (x = 6 or 24) are the samples
treated with hot water. The same synthetic procedure was
carried out at 6 hours reaction by employing Na,S as sulfur
source instead of TAA (sample ZnS_Na,S). This resulted in
a much lower yield, so that these results are only reported for
comparison.

Thermal activation in oven or in vacuum was carried out
on sample ZnS 6h HW. The resulting samples are labeled
mentioning the activation temperature and conditions
(ZnS_573 activated in oven at 573 K, sample ZnS 673 V
activated at 673 K in vacuum).

1.2 Characterization

Powder X-Ray Diffraction (XRD) patterns were measured
with PW3050/60 X’Pert PRO MPD diffractometer (Panalyt-
ical) working in Bragg—Brentano geometry using Cu Ko
radiation (A = 1.5406 A) and operated at 45 kV, 40 mA with
a scan speed of 0.01° min~' and step size of 0.0170°.
The crystallite size D = 4/3 L was calculated by applying
the Scherrer’s equation to the (111) peak at 28.7°:

L = kA/(P cos 0)

where 4 is the X-ray wavelength, § the measured broadening
of the diffraction peak and 0 the diffraction angle [30].
The measured f§ value was corrected by subtracting the
instrumental line broadening, estimated in 0.02°. The error
on particle size estimation was calculated by including
standard deviation on 5 measurements and instrumental
resolution.

Transmission Electron Microscopy (HRTEM) measure-
ments were performed on JEM 3010-UHR microscope
(JEOL Ltd.) operating at 300 kV. For the measurements
ZnS powder was dispersed on a copper grid coated with a
perforated carbon film.

Gasvolumetric nitrogen adsorption/desorption isotherms
were measured at Liquid Nitrogen Temperature (LNT) with
ASAP 2020 physisorption analyzer (Micromeritics). Prior to
analyses, samples were evacuated at 423 K over 2 h.
The Specific Surface Area (SSA) was calculated by the
Brunauer-Emmett-Teller (BET) method in the p/p, range from
0.05 to 0.2 [31]. The average pore size and volume were
calculated on the adsorption branch of the isotherms according
to the Barrett-Joyner-Halenda (BJH) method [32, 33].

ThermoGravimetric Analysis (TGA) was carried out on a
TAQ600 (T4 Instruments) heating the samples at a rate of
10 K min~" from 303 to 1123 K in air flow. Before starting
the measurements, samples were equilibrated at 303 K.

Fourier Transform InfraRed (FTIR) spectra were recorded
with an IFS66 spectrophotometer (Bruker) equipped with a
Deuterated TriGlycine Sulfate (DTGS) detector, working
with resolution of 4 cm™' over 32 scans. Samples were in
the form of self-supporting pellets suitable for transmission
infrared experiments and were placed in a quartz cell
equipped with KBr windows, designed for in situ studies
in vacuum and controlled atmosphere. Before infrared anal-
ysis the samples were evacuated at the desired temperature
(RT or 673 K) for 1 hour.

Diffuse Reflectance (DR) UV-Vis measurements were
recorded on powdered samples on a Cary 5 000 spectropho-
tometer equipped with a reflectance sphere. Spectra were
recorded at a scan rate of 300 nm/min with a step size of
1 nm and fixed Spectral Band Width (SBW) of 2 nm.
The measured intensities were converted with the
Kubelka-Munk function. The fundamental absorption,
which corresponds to electron excitation from the valance
band to conduction band, can be used to determine the value
of the optical band gap of the synthesized ZnS nanoparticles
[34-37]. The relation between the incident photon
energy (hv) and the absorption coefficient («) is given by
the following relation: (cchv)'" = A(hy — E,), where 4 is con-
stant and E, is the band gap energy of the material and the
exponent n depends on the type of transition [38, 39]. ZnS
as a semiconductor is characterized by direct allowed transi-
tion where n = 1/2 [40], therefore the direct band gaps of the
samples are calculated by plotting (o4v)? versus Av and then
extrapolating the straight portion of the curve on Av axis
ata=0.

1.3 DFT Modeling

Results presented are obtained with periodic CRYSTAL09
code [41], using the hybrids B3PW (the combination of
the Becke’s three parameter functional [42] for the exchange
and the Perdew Wang functional [43] for the correlation) and
PBEO [44]. Basis sets of triple-zed TZ quality for the valence
electrons have been employed: the relativistic Steven-Krauss
small core RECP with a 4211-41 [4sp2d] basis set
for valence electrons for Zn atoms [45] combined to a
8-6311-1 [1s-4sp-1d] for S [45]. Within this computational
set up, B3PE has been found to provide accurate estimate
of the ZnS band gap (E, = 3.71 eV) very close to the exper-
imental value (£, = 3.65-3.7 eV), while PBEO was found to
accurately accounts for surface properties [29, 46, 47].

In the CRYSTAL code, the level of accuracy in evaluating
the Coulomb and the exchange series is controlled by five
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parameters [41] for which 1077, 1077, 1077, 1077, 10~'8
values have been used for all calculations. The convergence
threshold for SCF energy was set to 10~° Ha. The reciprocal
space was sampled according to a regular sublattice deter-
mined by the shrinking factor IS [41]. A value of IS = 8
has been adopted which corresponds to 34 independent
k-points in the irreducible part of the Brillouin zone.

Nanoparticles have been modeled with bidimensional
slabs of increasing thickness d (from 0.5 to about 6 nm),
characterized by two infinite dimensions (x, y) and a finite
thickness, and cut from the bulk so as to expose the most sta-
ble ZnS surface, the (110) [29]. Stoichiometric ZnS slabs
(Zn/S ratio equal to 1/1) have been considered, in agreement
with the experimental and theoretical reports [28, 48-51].
Surface Energy (E) is calculated as: E; = W where
E.p, 1s the energy of an n-layered 2D slab used to model
the material that exposes the surface of interest, £y, is the
energy of the bulk material and A is the area of the 2D
surface cell. The factor 1/2 accounts for the existence of
two limiting surfaces. E; is then the energy per unit area
required to form the surface from the bulk and it is reported
in J/m?.

The interaction with formic acid has been computed con-
sidering a coverage (0 = 0.5 (simulated adopting a 2 x 1 su-
percell). Slabs of thickness of 1.2 and 1.5 nm have been
selected for the (110) and (111) surfaces (corresponding to
7 and 6 ZnS layers, respectively). The Adsorption Energy
(AE,4) per molecule is calculated as: E,q = ZeEn—Lun
where E,, is the energy of the optimized isolated molecule,
Eg,.;, is the energy of the optimized isolated slab modeling
the surface and n is the number of molecules per cell.
The basis set superposition error BSSE has been estimated,
by employing the counterpoise method [52], to account for
no more than 0.07 eV and results are corrected accordingly.

For all the systems discussed in this study, geometry has
been optimized relaxing all the atoms in the cell and keeping
fixed the lattice parameters at the bulk values. All the sym-
metry constraints have been removed. Adsorbate frequen-
cies have been computed at the I' point, within the
harmonic approximation, by diagonalizing the mass-
weighted Hessian matrix only for the adsorbate fragment,
once checked that its vibrational modes are not coupled with
other crystal phonons.

2 RESULTS AND DISCUSSION

2.1 Effect of Synthesis and Post-Synthesis Conditions
on Crystallite Size and Textural Properties

The general properties of the prepared samples are listed in
Table 1, with those of ZnS_bulk (commercial sample) for
comparison. These include the crystallite size calculated

TABLE 1

General properties of the ZnS samples depending on condition of synthesis
and purification

Crystallite b Pore Band
. SSA

Samples size (nm) 2 volume gap
XRD® m78) | (em¥ge | E, V)

ZnS_6h 1.8 294 0.12 422

ZnS_6h_HW 3.5 376 0.60 3.72

ZnS_24h 4.1 277 0.30 3.67

ZnS 24h HW 34 184 0.30 3.59

ZnS Na,S 49 236 0.24 3.55

ZnS_573 35 108 0.28 3.44

ZnS 673V 3.7 123 0.25 3.22

ZnS_bulk 332 24 0.07 3.60

? Calculated with the Scherrer equation, estimated error £0.017 nm.
® Measured by BET equation.
¢ Measured by BJH method in the isotherm adsorption branch.

by XRD (Scherrer equation applied to the 111 peak) and
the textural properties, that is SSA and pore volume.
The reported band gap values were calculated from DR
UV-Vis spectra, as discussed in the following (Sect. 2.3).

A selection of XRD patterns of the materials is reported in
Figure 1. All synthesized ZnS samples have three main dif-
fraction peaks at 28.7, 47.9 and 56.8°, corresponding to the
(111), (220) and (311) lattice planes of ZnS cubic sphalerite
structure (JCPDS 010772100). Minor features can be
observed at 32.9, 70.3 and 77.5°, due to (200), (400) and
(331) reflections. Sample ZnS_6h shows quite broad peaks,
corresponding to an average crystallite size (Scherrer equa-
tion) of 1.8 nm. The peak width decreases both in relation
to longer reaction time (ZnS_24h) and after washing with
hot water. On the contrary, hot washing did not particularly
affect the XRD patterns and related crystallite size of sample
ZnS 24h.

The estimated crystallite size of all samples is listed in
Table 1. The smallest crystallite size was obtained for
ZnS_6h. Changing all other parameters leads to slight grow-
ing of particles. Moreover the use of Na,S as sulfur source
instead of TAA resulted in relatively big particles. As men-
tioned in the experimental section, this procedure gives a
very low yield, and is only reported for comparison.

The changes in SSA and porosity of the samples as a
function of synthesis parameters are not directly correlated
to the crystallite size estimated by XRD. For instance,
washing with hot water causes an increase in SSA and
pore volume in sample ZnS 6h. This could be easily
explained by considering that the samples porosity is due
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Figure 1

XRD patterns of ZnS particles as a function of different prepa-
ration conditions: a) as prepared (simply washed at RT);
b) washed with hot water; c) treated in oven at 573 K or in vac-
uum at 673 K; d) cubic ZnS (sphalerite, JCPDS 010772100).
Curves were vertically shifted for easier comparison.

to interparticle voids [29]: the removal of adsorbed products
from the sample surface by hot washing increases the acces-
sible volume and surface area of the particles. However, the
same effect is not evident in sample ZnS_24h, where wash-
ing causes a slight decrease in both crystallite size and SSA.
On the whole, all prepared samples show relatively high
SSA, which represents an important point for application
in photocatalysis.

The prepared samples were also subjected to thermal
treatments, as an alternative way (often employed in cataly-
sis) to remove adsorbed impurities and obtain a clean sur-
face. The effect of thermal treatments in vacuum was
already described in Reference [29], by employing both
XRD and TEM techniques. As reported elsewhere, thermal
treatments in air of ZnS causes the transformation to ZnO
[53-55]. This was confirmed on our samples by both activa-
tion in static oven and in N,/O, flow. In both cases, the trans-
formation to ZnO started around 673 K (data not reported),
while after activation at 573 K only the typical XRD peaks
of cubic ZnS were observed (Fig. 1, grey dashed curve c).
This pattern is compared in the same figure with that
obtained after activation in vacuum at 673 K [29]. The crys-
tallite size of both samples is similar to what measured

before thermal activation (Tab. 1), but a decrease in SSA
and pore volume is observed, suggesting further agglomera-
tion of the primary ZnS NP.

TEM micrographs of the prepared ZnS samples revealed
the presence of dense agglomerates of spheroidal particles
(Fig. 2). It is however possible to observe light regions
among the particles, which could be related to interparticle
voids resulting in high surface area and pore volume.
The high agglomeration of the material did not allow obtain-
ing high resolution images of single particles, so that a reli-
able particle size analysis was not possible. The average
value of ca. 2.6 (£0.4) nm (measured on 20-50 particles)
was found for the sample ZnS 6h, in good agreement with
XRD. It is important to underline the fact that the changes
in crystalline domains size estimated by XRD cannot be
appreciated by TEM, since the micrographs of samples
ZnS 6h HW are hardly distinguishable from those of
ZnS 6h (Fig. 2, compare top panels with the left bottom
one). In the case of sample ZnS_24h, the particles look more
defined and crystallized with respect to the former (right
bottom panel of Fig. 2). Particle size analysis was almost
impossible in this case, due to very dense agglomeration
of the primary particles, which however showed a primary
size around 2-3 nm, which is similar to that of ZnS 6h.
The different size estimated by XRD can thus be explained
on the basis of higher crystallinity (less defective surfaces)
and/or more dense aggregation.

Lattice fringes are visible in the TEM micrograph (bottom
right panel of Fig. 2), indicating the crystalline nature of the
particles. Fourier Transform (FT) analysis of the images
resulted in a diffraction ring with average d-spacing of
3.0 A, characteristic of the (111) peak of ZnS cubic structure.

On the whole, the results discussed in this paragraph sug-
gest that the particles obtained at 6 h synthesis are stabilized
by adsorbed reactants, so that hot washing causes a partial
aggregation of the primary particles. At longer reaction time
length, more crystalline domains are formed, which are den-
sely interconnected, as shown by both TEM and surface area
analysis. In this case, the role of adsorbed species in stabiliz-
ing the particles is less important.

2.2 Surface Adsorbed Species

2.2.1 Quantitative Analysis

The nature and amount of species adsorbed on the surface of
the prepared ZnS sample was studied by thermogravimetric
analysis. To this aim, the attention was focused on sample
ZnS 6h and following modifications (ZnS _6h HW,
ZnS 573 and ZnS_673 V). These are reported in Figure 3
together the results obtained on ZnS Na,S for comparison.
All experiments were carried out in air flow, and an analysis
on ZnS_6h was repeated in nitrogen.
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Figure 2

Representative HRTEM images of: (top) ZnS_6h (left 250000X and right 400000X; (bottom) ZnS_6h_HW and ZnS_24h (left and right respec-

tively, both measured at 400000 X).

The TG curve of ZnS_6h is characterized by three distinct
steps of weight loss accompanied by definite peaks on the
Differential Thermal Analysis (DTA) curve (not shown).
The first minor weight loss (4.2%) is centered around 363 K
and corresponds to desorption of water molecules weakly
bonded to the surface. The next two steps with larger weight
losses started around 473 K (maximum of DTA at 620 K)
and 773 K (DTA maximum around 830-850 K). To understand
the nature of these steps it is useful to compare the profiles of
the different samples and corresponding amounts listed in
Table 2.

First, the amount of adsorbed water slightly changes upon
synthesis and treatment conditions, in a range from 1.3 to
6.6%. This could suggest an effect of treatments or reactants
on surface hydrophilicity. For instance the highest amount is
observed on samples washed with hot water (ZnS_6h HW)
and prepared with Na,S. This could be related to the fact that
the surface of these samples is less covered by reactants and
it is thus more available to water interaction.

This hypothesis is confirmed by comparing the TG pro-
files of ZnS 6h, ZnS Na,S and ZnS 6h HW. The first
looses 18 wt% in step II, while this is reduced to 2.1% in
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TGA curves of ZnS_6h, as such and after different treatments.
Results about ZnS_Na,S are reported for comparison.
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FTIR spectra of ZnS_6h sample as such a) and after post-
synthesis treatments: b) ZnS 6h HW; c¢) ZnS 573 and
d) ZnS 673 V. All samples were outgassed at RT before mea-
surements, expected ZnS_673_V which was outgassed at 673 K.

ZnS 6h HW and to practically zero in ZnS Na,S. This
clearly indicates that hot water treatment removes weakly
adsorbed reactants from the synthesis, in particular TAA,
which was not employed to prepare ZnS_Na,S. Noticeably,
a small amount of adsorbed species is still present after hot
washing, thermal activation at 573 K in air or 673 K in vac-
uum (2.4 and 0.4 wt%, respectively). In this case, the desorp-
tion starts at higher temperature (533-593 K) with respect to
untreated sample (453 K) indicating a stronger interaction of
the related adsorbed species. These are explained as residual

TABLE 2
Data from thermogravimetric analysis (percentage weight loss) of ZnS_6h
as such and after post-synthesis treatments. Data about ZnS_Na,S are
reported for comparison

Samples Step 1 Step 11 Step 111
ZnS 6h 4.2 18.0 9.3
ZnS_6h (N,)" 42 20.1 0
ZnS_6h_HW 6.6 2.1 12.4
ZnS 573 2.8 2.4 12.3
ZnS 673 V 1.3 0.4 15.4
ZnS Na,S 6.6 0 14.5

* . . . . . .
Experiment carried out in nitrogen flow instead of air.

acetate groups from the synthesis, as will be discussed in the
following.

Finally, step III is similar in all samples, but is not
observed when the analysis is carried out in nitrogen (curve
not reported, data summarized in Tab. 2). This obviously
allows assigning this phenomenon to an oxidative process,
that is the transformation of ZnS to ZnO, which in these con-
ditions starts above 800 K irrespective of the samples syn-
thesis or treatment, in agreement with XRD findings (not
reported).

2.2.2 Infrared Spectroscopy (FTIR)

The nature of adsorbed species was also studied by infrared
spectroscopy, again focusing on sample ZnS 6h and its
transformation upon post-synthesis treatments (Fig. 4).
The as prepared sample (curve a) shows very intense bands
in the whole mid infrared region, which can be easily
assigned to adsorbed species, reactants or contaminants from
the atmosphere. We observed a broad absorption in the OH
stretching region (vOH) between 3 600 and 2 500 cm ™',
with superimposed bands between 3 000 and 2 800 cm ™'
related to aliphatic vCH, and vCH; modes. At lower fre-
quency, weak bands at 2 940 and 2 365 cm ™' are assigned
to vS-H groups [56]. The more intense spectral features
(out of scale) are found in the 1 750-1 250 cm ™' range,
where both N-H bending (6NH, found at 1 400 cm™' for
TAA in KBr, spectra not reported) and vCO modes are
found. Other peaks at lower frequency can be assigned to
bending modes of CHj in CH;-S groups, namely symmetric
vibrations at 1 385 and rocking at 1 110 cm™", and to vC-S
modes (611 cm™') as confirmed by comparison with KBr
spectra of TAA (not reported). These bands confirm the pres-
ence of TAA molecules adsorbed on the sample surface,
which could be present as CH;-S-NH, in tautomeric equilib-
rium with CH5-SH-NH form [57]. On the contrary, the two
strong bands at 1 564 and 1 441 cm ™' can be ascribed to
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the presence of adsorbed acetate groups from the employed
reactants. This hypothesis is supported by comparison with
the spectra measured on samples ZnS Na,S, where acetate
salts were employed in the synthesis without TAA (bands
at 1 560 and 1430 cm ™', not reported). The presence of acet-
amide molecules resulting from the hydrolysis of TAA [58]
is less evident, since it should be characterized by the typical
amide I band (vCO), which is expected with high intensity
around 1 690-1 694 cm ™' [56].

After hot water treatment (sample ZnS_6h_HW, curve b)
most of the bands related to TAA (vS-H, 6CH;-S, vC-S) dis-
appear, in agreement with TG analysis. What is observed
in this case is a broad adsorption in the vOH region
(3 600-2 500 cm™") suggesting the presence of OH groups
involved in hydrogen bonding. This is confirmed by the
observation of a broad band centered at 884 cm ™!, related
to the corresponding 6OH. This could be related to partial
surface hydroxylation (Zn-OH groups) and water molecules
strongly adsorbed on the surface (not removed by RT outgas-
sing), in agreement with the relatively high affinity for water
indicated by TGA. The typical SOH mode of H,O, expected
around 1 620-1 640 cm ™' is observable as a shoulder on the
tail of the intense band at 1 564 cm™".

Apart from the bands described above, the main features
of sample ZnS_6h HW are two intense and well defined
bands at 1 564 and 1 441 cm™', with weaker components
at 1 348 and 1 027 cm ™', which could be mainly assigned
to adsorbed acetate groups (the typical amide I band of acet-
amide, expected around 1 690 cm ™' is missing). The interac-
tion energy of these species with the ZnS NP surface is
clearly high, since they are not removed after treatment at
573 K in air (curve c). In this case however, the bands related
to OH groups in hydrogen bonding decreases, in agreement
with TG analysis.

Finally, an almost totally cleaned surface is obtained only
by thermally activating the sample in vacuum at 673 K.
In this case, as already pointed out in Reference [29], only
small amounts of acetate bands are observed, which could
correspond to the weight loss of step II in TG curves (resid-
ual amount of 0.4 wt%, Tab. 2) and could be adsorbed on
defective sites or polar surfaces of the material [29].

2.2.3 DFT Modeling

DFT modeling has been employed to understand the surface
characteristics of the ZnS NP. The surface energies E; of the
lowest index ZnS surfaces, the (110), (111) and (100) are
0.6, 1.0 and 1.7 J/m?, [29]. Dehydroxylated and “clean” sur-
faces were considered, which should model the situation cor-
responding to sample ZnS 673 V, that is of a sample
activated in vacuum, with only a small fraction of reactancts
adsorbed on reactive surfaces [29]. The size dependence of
E, for the (110) and (111) surfaces is reported in Figure 5

1.2

1.0 pAAA—A—A—A—A
111
0.8

0.6 --0-0—0—0—0—0
110
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0.4 4
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Figure 5

Surface energies E; (in J/mz) of'the 110 and 111 ZnS surfaces as
a function of the size d of the ZnS nanoparticles. Results from
B3PW calculations.

(hereafter the 100 surface will be not considered anymore
because of its very large E). Data reported in the figure, col-
lected for d ranging from 0.5 to 6 nm, show that, in ZnS
nanoparticles, the size of the particles does not affect the sur-
face stability. The (110) surface is by far the most stable sur-
face in nanocrystals as it is in microcrystal [55, 59]. The
large differences of the surface energies of the (110) and
(111) surfaces is related to their geometrical structure.
According to Tasker’s electrostatic model [60], in zinc-
blende systems only the (110) surface is non polar, whereas
(111) and (100) are polar surfaces of type III. Polar surfaces
are characterized by two not equivalent layers of opposite
charged ions that alternate along the normal to the surface;
each repeat unit bears a dipole moment that increases with
the number of the layers and determines the larger instability
of these surfaces. Considering the large difference in Ej
between the two surfaces, the (111) polar one is not likely
to be exposed at the ZnS nanoparticles to a sizable extent,
regardless of their size, Figure 5.

In order to shed light on the whole scenario laid out by
infrared and TGA, suggesting the presence of a small frac-
tion of strongly adsorbed species, the interaction with the
(111) and (110) surfaces of formic acid has been considered.
This molecule was employed as a simplified model to repre-
sent the acetate species present in solution during the synthe-
sis, which are supposed to be the main species adsorbed on
the dehydrated and cleaned ZnS surface on the basis of infra-
red spectroscopy. Adsorbed species are schematically
depicted in Figure 6 and their main adsorption features
collected in Table 3. On the (110) surface one dissociative
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Figure 6

Schematic representation of adsorbed configuration of formic acid on the ZnS (110) and (111) surfaces. Results from PBEO calculations.

(110-D) and two non dissociative (110-ND1 and 110-ND2)
adsorption mode have been considered; only the dissociative
adsorption mode can be conceived for the (111) surface
(111-D): in this case, the formiate group has been adsorbed
on the Zn terminated surface and the proton on the S termi-
nated one. At the (110) surface, 110-ND1 is preferred over
110-ND2 by about 0.04 eV and over 110-D by almost
0.2 eV. The 111-D configuration is twice more stable than
110-ND1 (E,4=2.3 eV), Table 3. Computed vibrational fre-
quencies provide a fingerprint for the recognition of the
adsorbed species, Table 3. For the 110-NDI1 carboxylic
group, the asymmetric stretching v,(O-C-0) = 1 700 cm ™"
and the bending §(C-OH) = 1 237 cm ™' are found, while
for the 111-D carboxylate group the asymmetric stretching
Vas(0-C-0) = 1 570 cm ™" is indeed shifted to lower wave-
numbers with respect to the undissociated form. Only this
latter vibration, the asymmetric stretching of dissociate

formiate species, is compatible with FTIR data recorded upon
the thermal treatment at 573 K (the peak at 1 564 cm™',
Fig. 4c). The significant reduction of this peak only for treat-
ment at very high 7 (Fig. 4d) indicates an irreversible charac-
ter of the adsorption, in agreement with the strong computed
adsorption energy for 111-D. This finding suggests the pres-
ence in the ZnS NP of small extension of the (111) polar sur-
face stabilized by the adsorption of foreign species from the
synthesis solution. To this extent, it is worth mentioning a
recent report that combining FTIR observations and DFT
calculations, has investigated the adsorption properties of
CO molecules, used as a probe for acidic Lewis surface sites;
this study has demonstrated that CO experienced only one
type of sites belonging to the (110) surface [29].

The results discussed in the present work, confirm the find-
ing that ZnS nanoparticles, regardless of their size, expose
to a largely wider extent the most stable (110) surface;
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TABLE 3

Main features of the formic acid interaction with the ZnS (110) and (111) surfaces (PBEO results). Distances, d, in A; adsorption energies, £, in eV, vibrational
frequencies (v is for stretching - as antisymmetric and s symmetric, 9 bendings and 6 other angle deformations) in cm ™. To facilitate comparison with experiments,
frequencies have been scaled by a factor 0.95521 to align the computed v(C-H) of gas phase formic acid to the corresponding experimental frequency
(2943 cm ™). PBEO results

110-ND1 110-ND2 110-D 111-D Formic acid (gas phase)
d(C=0) 1.21 1.22 1.26 1.25 1.19
d(C-OH) 1.33 1.31 1.26 1.25 1.34
d(O-Zn) 2.17 2.24 2.00 2.00 -
d(C-C) 7.70 7.70 7.70 7.75 -
d(S-H) 1.98 2.13 1.35 1.35 -
AE 45 —0.64 —0.60 —0.46 —2.28 -
v(O-H) 2 957 (751) - - - 3612 (113)
vw(C-H) 2978 (22.3) - 2 898 (77.0) 2 887 (161) 2 943 (93.3)
v(S-H) - - 2503 (1.97) 2 507 (14.0) -
1555 (1 878)™ 1576 (1 158) 1761 (55.3)
¥(0-CO) 1702 (397)
1340 (111)° 1359 (49.4) -
v(C-OH) 1337 (22.5) - - - 1269
05(C-H) 1366 (70.1) - 1373 (87.1) 1376 (33.8) 1347 (42.3)
05(0-H) 1214 - - 1 096 (34.4)
o(C-H) 1037 - 1030 1 056 1015
d6(0-H) 903 - - - 717
d5(0-C-0) 653 (86.8) — 731 (10.1) 724 (26.9) 612

nonetheless, the presence of a minor extension of other
surfaces cannot be excluded in reasons of electronic and
structural reconstruction or because stabilized by adsorbed
species [61].

2.3 Electronic Properties

The electronic properties of the prepared ZnS NP samples
were investigated by DR UV-Vis spectroscopy (Fig. 7). This
is a simple and widespread technique for the estimation of
band gap energy (E) in semiconductors [34-37, 62, 63],
by the measurement of the absorption edge position, through
the Tauc plot elaboration (see Experimental for details)
[38, 39]. This parameter is quite important for applications
in photocatalysis, and in semiconducting materials is depen-
dent on particle size, due to quantum size effect [34-37, 40,
63]. Notwithstanding the small size of the primary ZnS NP
prepared in this work, these cannot be defined as Quantum
Dots (QD), since the UV-Vis spectra of the latter are charac-
terized by the presence of discrete bands (described by the

position of their maximum) instead of a continuum absorp-
tion (defined by its edge position) [37].

The spectrum of as prepared ZnS_6h is characterized by a
relatively large E, value (4.22 eV, Tab. 1) with respect to the
bulk material (3.68 eV) [40] as a result of nanostructuration
[34]. On the contrary, longer reaction time and/or hot water
washing result in a shift of the edge position towards higher
wavelength values. Indeed, the corresponding £, values are
close to that of bulk material for most of the other ZnS sam-
ples with crystallite size (estimated by XRD peak widths)
between 3.4-4.9 nm (Tab. 1, entries 2-5). Interestingly, a
shift to E, values higher with respect to bulk ZnS are
observed after thermal activation, both in air (ZnS_573) or
in vacuum (ZnS 673 V). This could be explained by a
higher defectivity of the treated samples surface, influencing
their electronic structure.

The considerable dependence of £, on the size of the ZnS
nanoparticles is also confirmed by DFT calculations. Figure 8
reports E, as a function of the size of the nanoparticles: NP
with d > 4.5-5.5 nm have an energy gap that is actually as
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DR UV-Vis spectra of ZnS NP. From left to right: 1) ZnS_6h as
such (dashed), 2) ZnS_6h HW (dot-dashed), 3) ZnS 24h
(full), 4) ZnS_24h HW (dotted), 5) ZnS_573 (short dot-
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Energy gap, E,, as a function of the particle size. The dashed
red line is the value for bulk ZnS. In the insert band structure
and projected density of states for bulk ZnS. B3PW calcula-
tions.

large as the bulk value, E, = 3.7 €V, in excellent agreement
with observations [40]. In smaller particles, due to
quantum size confinement effects, the energy gap increases
monotonically by decreasing the size of the NP. For instance
E,=4.1¢eV ford=1.5nmand 3.7 eV ford =5 nm, in very
good agreement with XRD estimation (notoriously underes-
timating particle size) and UV data (Tab. 1). Despite the sen-
sitivity of E, to the size of the NP, the electron structure is

almost unaffected by d. As reported in the insert of Figure 8,
ZnS is characterized by a direct gap in I (see also [40]); the
top of the valence band is due to S 3sp states and the bottom
of the conduction band mainly from Zn 3sp states. The Zn 3d
levels are very deep in energy (about —15 eV) and do not
contribute to the valence.

CONCLUSIONS

ZnS NP photocatalysts were prepared by precipitation with
TAA and acetate as sulfur and zinc sources, respectively,
by modifying reaction time length. The obtained materials
were then treated with hot water and thermally, both in air
and in vacuum, to remove the reactants adsorbed on the sur-
face of NP during the synthesis. The effect of these proce-
dures on the properties of the ZnS NP was studied by
combining different techniques and aspects.

The results show that this synthetic methodology allows
to prepare nanostructured ZnS agglomerates, in the form
of white powders, with good yield and ease of preparation.
Low reaction time (6 h) resulted in agglomerated crystallites
with primary size around 2 nm (as determined by XRD and
TEM). Particle size was found to increase after washing with
hot water, as a result of removal of large amounts of
adsorbed chemicals. This was also evidenced by thermo-
gravimetric analysis and infrared spectroscopy, indicating
the presence of large amounts of TAA (around 18 wt%)
weakly interacting with the surface. The sample prepared
at longer reaction time (24 hours) was characterized by lar-
ger (around 4 nm), more densely aggregated and crystalline
NP, which were less sensitive to the treatment with hot water.

Further analysis of the data showed that a small amount of
acetate species (around 2 wt%) was strongly adsorbed on the
ZnS NP surface, and could be removed almost totally only
after thermal activation in vacuum at 673 K. This behavior
was explained on the basis of DFT calculations, showing
the strong adsorption of dissociate formic acid (chosen as
a model molecule to simulate the acetate salt employed in
the reaction) on the (111) polar surface. This surface is unsta-
ble with respect to the apolar (110) one, irrespective to the
size of the NP, (Fig. 5), but could be stabilized in a small
amount by the adsorption of foreign species from the synthe-
sis solution.

Finally, the electronic properties of the prepared materials
were analyzed by DR UV-Vis spectroscopy, by calculating
the band gap energy E, with the Tauc plot method. This
shows that only the sample prepared at 6 hours reaction
(ZnS_6h) without any post-treatment has an E, value sensi-
bly higher with respect to bulk ZnS (4.2 vs 3.7 V), as a
result of nanostructuration. When the size of the primary
crystallite moves to 3-4 nm as a result of washing with hot
water, longer reaction time or employ of Na,S, the band
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gap of the materials corresponds to the bulk one. This trend
is rationalized by DFT calculations on ZnS NP, predicting
the modification of the semiconducting electronic structure
as a function of particle size.
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