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The preparation of CdS was performed by the precipitation method using ethylenediamine as template
and tetrahydrofuran, acetonitrile or butanol as organic solvents. The formation of CdS with hexagonal
structure was observed by XRD due to the template effect. FTIR studies showed that the amount of the
template linked to the surface of the CdS depends on the organic solvent used. TEM observations evi-
denced the formations of CdS nanofibers and the EDS analysis show the chemical composition of the sur-
face. The photocatalytic activity of CdS nanofibers under blue light irradiation was strongly influenced by
the amount of ethylenediamine template on the nanofiber surface. It was observed that when the amount
of the template on the samples diminishes by the heat treatment, the photocatalytic activity is affected.
The role of the ethylenediamine template in the mechanism for the H, production reaction is discussed.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cadmium sulfide semiconductors have been one of the most
used photocatalysts for redox reactions. For photocatalytic
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hydrogen production, it is an appropriate semiconductor since
CdS have favorable negative conduction band respect to the redox
potential of the H*/H couple [1,2], and because of its narrow band-
gap energy (2.4 eV) allows the absorption of visible light and per-
form the reduction of protons (H*) during the water splitting [3-6].
However, to obtain a good photocatalytic efficiency, CdS should be
highly crystalline in hexagonal phase with nanostructured mor-
phologies of nanorods, multiarmed nanorods [7,8], nanowires [9]
or nanofibers [10], and they should possess a high specific surface
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area in order to increase the H, production. To obtain these nanos-
tructured CdS, several methods are used, including ultrasonic
microemulsion [11-14], hydrothermal or solvothermal methods
[15]. It has been reported that the synthesis parameters such as
molar ratio, precursor source and the template used such as 2-mer-
captoethanol, methionine, glutathione [16], ethylenglicol [17] and
n-butanol [18] have important effects on the physicochemical
properties on the semiconductor. When the solvothermal method
is used, the diamine organic molecules act as ligand agent mod-
ifying the nanostructured CdS surface [16-19]. Among the amine
ligands, there are triethanolamine [8], dodecylamine [20], tri-
ethylene tetramine [21] or ethylenediamine [22-25]; however,
they can also be combined with other organic molecules in
aqueous solutions, performing the synthesis in binary systems
[26-30]. Typically, the ethylenediamine ligand acts as a cation
sequestrant binding to the Cd?" ions on the CdS surface [22,31]
creating sulfur vacancies (V';). The superficial Cd?* ions are much
more efficient for the H, production than the superficial S~ ions
[32]. The Cd?* ions surface states act as electron traps, promoting
the separation of the charge carriers. Thus, the electrons are deeply
trapped at the sulfur vacancy (V*;), located below the CdS conduc-
tion band [32,33].

Different systems like olive oil/1-butanol/water [34], cyclohex-
ane/sodium dodecyl sulfonate (SDS)/pentanol [35], water-ethyle-
nediamine-benzene or cyclohexane [36], have been used for the
CdS preparation, however the synthesis of CdS nanofibers covered
with ethylenediamine by using protic or aprotic polar solvent has
not been yet explored.

In the present work, nanofibers of hexagonal CdS were
synthesized by the precipitation method with a mixture of
water/ethylenediamine/organic solvent. The effect of the organic
solvent; n-butanol, acetonitrile or tetrahydrofuran used on the
amount of the ethylenediamine linked on the superficial Cd?* ions
were investigated. The samples were evaluated for the photocat-
alytic reaction of H, production under blue light irradiation. The
influence of the heat treatment (150 or 200 °C) on the photocat-
alytic activity of CdS nanofibers as a function of the template was
also investigated.

2. Experimental section
2.1. Synthesis of the CdS nanofibers

The CdS nanofibers were prepared by the precipitation method
[10] using a mixture containing 10 vol.% of H,0, 60 vol.% of ethyle-
nediamine (EN, Aldrich) and 30vol.% of the organic solvent:
tetrahydrofuran (Aldrich), acetonitrile (Aldrich) or n-butanol
(Baker). In a typical procedure, appropriate amounts of
Cd(NOs),H,0 (Reasol) were dissolved in the aqueous solutions of
acetonitrile, tetrahydrofuran or n-butanol at room temperature at
constant stirring for 15 min; then the EN was added. Afterward car-
bon disulfide (CS,, Aldrich) was added drop wise, maintaining a
stoichiometry molar ratio of S:Cd of 1:1. The obtained transparent
solution was heated at boiling point (90-110 °C) under vigorous
magnetic stirring for 1 h and subsequently cooled at room tem-
perature. Finally, the resulting yellow precipitate was collected
by filtration, washed with an ethanol-water solution and dried at
80 °C for 1 h. The final solids were labeled with the name of the
organic solvent used as ACN for acetonitrile, THF for tetrahy-
drofuran and BTOH for n-butanol.

Separately, part of the CdS nanofibers dried at 80 °C, prepared
in the water-EN-n-butanol solution, were heated at either 150 or
200°C and then were labeled as BTOH-1 and BTOH-2,
respectively.

2.2. Characterization of the CdS nanofibers

The obtained nanostructured CdS were characterized by X-ray
powder diffraction using a D8 Advance Bruker X-ray diffractometer
with Cu Ko radiation of 1.5406 A (35 kV, 25 mA). The scanning
range was between 10° and 70° (2 theta), and a step size of
0.03°/s. The morphology was determined using a transmission
electron microscope (TEM) JEOL JEM 1230 operated at 100 keV.
The specific surface area was calculated by the BET method, from
the nitrogen adsorption-desorption isotherms obtained on a
Quantachrome Autosorb-3B apparatus. Prior to N, admission in
the cell, all the samples were degaussed at 80 °C under vacuum
for 5 h. Diffuse reflectance spectroscopy was performed in the
range of 190 and 600 nm, using a Varian Cary-100 spectrometer
equipped with an integration sphere. The band-gap energy of the
semiconductors (Eg) was calculated using the Kubelka-Munk
method. The semiquantitative chemical composition of the CdS
nanofibers was revealed by field emission scanning electron micro-
scopy (FESEM) using a Helios Nanolab 600i equipped with
Advanced DualBeam coupled with an EDS (energy dispersive X-
ray spectroscopy) detector. The nanofibers samples were deposited
on copper ribbon to avoid the carbon interference.

2.3. FTIR spectroscopy of the CdS surface

The FTIR absorption spectra of all the samples were recorded on
a Shimadzu IR-440 FTIR spectrometer using an attenuated total
reflection (ATR) accessory provided of a ZnSe crystal. After each
measurement, the crystal was cleaned with ethanol before loading
the next powder and the pressure used was of 815 Psi of pressure.
Typically, 200 scans at a resolution of 8 cm™! in the range between
500 cm~! and 4000 cm™! in the transmittance mode were used for
the measurements at room temperature.

3. Results
3.1. Crystalline structure of CdS

The X-ray diffraction patterns of the CdS semiconductors (Fig. 1)
exhibit reflection peaks corresponding to the main planes (100),
(002) and (101), which were indexed to the hexagonal phase of
CdS (JCPDS No. 41-1049), with lattice parameters (a=4.1 and
c=6.7A) close to the data values reported for CdS [9,29].
However, for the BTOH sample, the lattice parameters were smal-
ler (Table 1), suggesting slight contractions in the hexagonal struc-
ture. The relative ratio intensity of the (110) and (103) planes for
all the CdS materials was 0.94, suggesting that its crystalline struc-
ture is purely hexagonal [1]|. The high relative intensity of the
(002) reflection peak of the CdS is indicative of the preferential
growth along the c-axis of the hexagonal phase [20]. The average
nanocrystallite size for all the hexagonal CdS by using the Debye-
Scherrer equation from the diffraction peaks of the (002) plane
is above 9 nm, being the smallest nanocrystallite size for the
BTOH sample (5.6 nm). The hexagonal structure of CdS was
obtained by the effect of the ethylenediamine template.

3.2. Morphology of the nanocrystalline CdS

It is known that the morphology of the nanostructured materi-
als strongly depends on the physicochemical properties of the tem-
plate and the solvents used (dielectric constant, dipole momentum,
hydrogen binding, Table 1). In our CdS materials prepared by using
different solvents, the resulting morphology observed by TEM
images exhibited flexible fibers-like morphologies (Fig. 2a-c), with
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Fig. 1. X-ray diffraction patterns of CdS prepared in tetrahydrofuran (THF),
acetonitrile (ACN) and butanol (BTOH) solvent.

Table 1
Data of the physicochemical properties of each solvent.

Solvent Dielectric Dipole momentum Hydrogen- Classification
constant (Debyes) P

THF 7.4 1.7 23 Aprotic
(=02

ACN 375 3.5 16 Aprotic
(=N:)

BTOH 17 1.7 43 Protic
(:0—H)

EN 13 1.9 - Protic
(:N—H)

H,0 78.5 1.8 58 Protic
(:0—H)

diameters (D) ranging from 4 to 15 nm. The obtained nanofibers
could be related to the interaction between CS,, Cd[EN]?>* complex
with the organic solvent. It is known that when the Cd* ions are in
contact with the EN template in aqueous solution, they form the
characteristic Cd[EN]?** complex, while the CS, reacts with the EN
template, forming a polymerized product [+HNCH,CHNHCS%]n
and then the S?* ions are simultaneously released [11-14]. In this
case, the polymerized product [*HNCH,CHNHCS*]n contains a
hydrophobic and a hydrophilic group [30], which may interact in
a different manner depending on the hydrogen binding capacity
with the aprotic polar solvent (acetonitrile or tetrahydrofuran) or
with the protic polar solvent (n-butanol). Finally, the formed S**
ions react with the Cd[EN]** complex in the solvent mixture sys-
tem to form CdS(EN)o s nanofibers. Simultaneously, the nanofibers
could become to hexagonal CdS, where part of EN ligand could
remain preferentially linked to the superficial Cd?* ions [8]. Since

(@

Fig. 2. TEM images of the CdS nanofibers synthesized in a mixture system of water-ethylenediamine-organic solvent: (a) tetrahydrofuran, (b) acetonitrile and (c) butanol.
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these fibers are agglomerated, the determination of length (L)
was difficult, but probably varying between 100 and 500 nm.
This result suggests that the formation of flexible nanofibers of
CdS was successfully achieved using different organic solvents.
CdS nanofibers are more agglomerated when they are prepared
in acetonitrile than those prepared in tetrahydrofuran or in
n-butanol.

3.3. Textural properties of CdS nanofibers

The nitrogen adsorption-desorption isotherms of CdS nanofi-
bers are shown in Fig. 3A. The hysteresis loop at a high relative
pressure (0.8-0.9 P/P,), suggest the presence the mesoporous
structure up to 25 nm, as is shown in the pore size distribution
(Fig. 3B), where the pore diameter is centered in 30 nm.
Considering that the diameter of nanofiber particle is between 4
and 15 nm (Fig. 2), the pores are owing to interstitial spaces
between fibers-fibers nanoparticles (interparticle porosity) [37].
According to the IUPAC classification they exhibit type Il isotherms,
which are characteristic of materials where the interactions
between the adsorbate and the adsorbent is weak. The specific sur-
face areas of the CdS samples were determined from the N,
adsorption isotherms and the obtained values were between 125
and 152 m?/g (Table 2).

3.4. FTIR spectroscopy of EN absorbed on CdS nanofibers

FTIR spectra of the CdS nanofibers (Fig. 4) exhibited bands at
3424 cm™! associated to the stretching vibration of the hydroxyl
(O—H) bond, however, it is overlapped with the band at
3266 cm~! corresponding to the stretching vibrations of N—H bond
of the ethylenediamine template. Therefore, all the CdS nanofibers
show the presence of hydroxyl groups on its surface [31]. The
bands at 2952, 1584, 1324 and 1007 cm™! are associated to the
stretching vibrations of C—H, —NH,, and C—N bonds, respectively,
for the diamine template, which are originated from the Cd(EN)**
complex, where the ethylenediamine molecule uses a trans-
conformation to coordinate with superficial Cd?* ions on the CdS
nanofibers [38,39]. Depending on the organic solvent used for the
preparation of the CdS nanofibers, these bands vary in transmit-
tance, being more pronounced in BTOH sample, suggesting that
more ethylenediamine is favorably linked to the superficial Cd**
ions of the (100) and (010) planes [8], in the presence of n-butanol
(Fig. 3b). For all the CdS nanofibers, the sharp band at 629 cm ™! is
associated to the Cd—S bond [36-40], however, it is expected that
the CdS covered with ethylenediamine may be rich in both super-
ficial Cd?* ions and sulfur vacancies (V**) [32]. In addition, a vibra-
tion band at 1098 cm™! varies in transmittance depending of the
organic solvent, which it is the highest for THF sample and it is
the lowest for the BTOH sample. These signals could be associated
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Fig. 3. (A) N, adsorption-desorption isotherms and (B) pore size distribution of the CdS nanofibers.

Table 2
Data of lattice parameter, crystallite size, band gap energy and specific surface area
for CdS nanofibers.

Sample Lattice Crystallite Size Sg (m?/g) Eg (eV)
parameter a 002 plane (nm)
(A)and ¢ (A)

THF 4.15 6.67 8.4 152 2.59
ACN 4,16 6.68 8.4 144 2.58
BTOH 4.04 6.60 5.6 125 2.65
BTOH-2 4.15 6.78 5.5 125 2.40
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Fig. 4. FTIR spectra of CdS nanofibers synthesized in tetrahydrofuran (THF),
acetonitrile (ACN) and butanol (BTOH). A representation of the ethylenediamine
linked on the nanofibers surface of hexagonal CdS is inset.
the presence of residual compounds of the secondary reactions
occurred during the synthesis.

3.5. EDS composition of CdS nanofibers

The CdS nanofibers are composed of cadmium and sulfur
(Table 3); however, the EDS spectrum (S1 in Supplementary

Table 3
Data of chemical composition from EDS analysis of CdS nanofibers and the
experimental molar atomic ratio of S/Cd, O/Cd, N/Cd.

Sample  Weight composition (%) Molar atomic ratio
cd S (0] N C S/cd 0/Cd N/Cd N/C
THF 36.54 10.19 823 45 4055 097 158 098 0.12
ACN 4384 1134 999 60 3411 095 160 120 0.15
BTOH 40.06 11.04 989 7.18 3184 096 173 144 0.16
BTOH-2 4457 1225 842 3.8 3096 097 165 068 0.10
3
TR

0.0

T T T T 1
360 400 440 480 520
Wavelength (nm)

Fig. 5. UV-Vis diffuse reflectance spectra for the CdS nanofibers synthesized in
tetrahydrofuran (THF), acetonitrile (ACN) and butanol (BTOH) solvent.

Information) exhibits additional oxygen, nitrogen and carbon
peaks. According to the experimental molar atomic ratio value of
the S/Cd, all synthesized CdS nanofibers (~0.95-97), are close to
the theoretical ratio of S/Cd = 1, indicating that the similar amount
of sulfur defects is present on the CdS surface [41]. The molar
atomic ratio of O/Cd and N/Cd are slightly higher for the CdS pre-
pared in n-butanol (BTOH) than that for the one obtained using
tetrahydrofuran as solvent. This oxygen is related to the CO, for-
mation on the CdS surface provided by the CS, decomposition
[42]. On the other hand the high molar atomic ratio of N/C for
the BTOH sample could be related to the high content of the ethy-
lenediamine template.

3.6. Optical blue-absorption of CdS nanofibers

UV-Vis diffuse reflectance spectra for the CdS nanofibers
(Fig. 5) exhibit similar absorption edges in the visible light region
close to 460-490 nm, attributed to the intrinsic band-gap transi-
tion of electrons from the valence band to the conduction band
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Fig. 6. (A) FTIR spectra and (B) UV-Vis diffuse reflectance spectra of the CdS nanofibers prepared in butanol solvent and heated at 150 and 200 °C.
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[9]. The shaded area in Fig. 4 corresponds to the emission spec-
trum of the blue LED lamp used for its activation. The band-gap
energies (~2.58-2.65eV, Table 2) were estimated by the

Kubelka-Munk (K-M) method (linear plot (FR x hv)? vs hv), the
marked blue shift of the absorption edge (2.65eV) can be due
to the quantum confinement effect [22,23,29]. In addition, the
EN linked of the nanofibers can passivate the semiconductor sur-
face by quenching the number of surface states. Increasing the
energy between the surface states modifies the absorption edge
and a blue-shift was produced by the presence of sulfur vacancies
(V") [16,43].

3.7. Surface modification of CdS nanofibers

In order to study the stability on CdS surface, heat treatments
(150 and 200 °C) were applied to the samples. The X-ray diffraction
for BTOH-2 treated at 200 °C (not shown) exhibited the same
diffraction peaks corresponding to the hexagonal structure of
CdS, however, the lattice parameter for the CdS was close to the
data values reported for the bulk CdS. The crystallite size was simi-
lar than the one obtained for CdS dried at 80 °C (5.6 nm, Table 2). It
is known that the increasing of the heat treatment induces changes
in the structure, decreasing structural defects (anionic or cationic)
in the material [44]. Thus, the changing in the lattice parameter
suggests that the sulfur defects (V**) were probably eliminated.
To confirm this asseveration, the CdS heated at 150 and 200 °C
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were analyzed by FTIR spectroscopy (Fig. 6A). For BTOH-1 heated
at 150 °C, the vibration bands of C—H, N—H, NH,, C—N bonds
remain unaltered, whereas new vibration bands in the intervals
from 1150 to 960 cm~! assigned to the residual products of sec-
ondary reactions appear. When BTOH sample was heated at
200 °C, these vibration bands corresponding to ethylenediamine
template were not observed due to the desorption of EN molecule
which was linked on the surface. The elimination of EN induces
changes in the structural surface and as a consequence a decreas-
ing of the sulfur vacancies [45]. According to the EDS analysis, the
low molar atomic ratio of N/C=0.10 for the BTOH-2 sample
(Table 2), suggests a decreasing in the nitrogen contents on the
CdS surface. These modifications were reflected in the optical-
electronic properties of the CdS (Fig. 6B), where the absorption
edge was red-shifted as the structural defects were originated by
increasing the heat treatment. The estimated band gap energy
was 2.4 eV, which is characteristic of bulk CdS free of sulfur
vacancies.

3.8. Photocatalytic activity of CdS nanofibers

The evolved H, from methanol-water solution under blue light
irradiation using CdS nanofibers, shows correlations between the
amount of EN linked to the nanofibers surface and the photocat-
alytic activity (Fig. 7), where the BTOH sample with the highest
amount of ethylenediamine linked to its surface is the more active
(1072 pm h=! g~1). On the other hand, THF had a negative effect on
the photocatalytic activity, producing 441 umh="g=! of H,. In
addition, the standardized H, produced as a function of the specific
surface area showed that the specific surface area was not deter-
mined to achieve a high H, evolution.

In order to study the stability and the effect of the EN linked on
the nanofibers surface, the evolution of H, of the BTOH samples
heated at 150 and 200°C are shown in Fig. 7 (BTOH-1 and
BTOH-2). The H, production rate decreased when the BTOH sam-
ple was treated at 150 °C, until to its complete inhibition when
the sample was treated at 200 °C. Despite the specific surface area
was unaltered (125 m?/g, Table 2), at different heat treatments, the
loss of photoactivity was due to the EN elimination on the CdS sur-
face. Thus, the photocatalytic activity strongly depends on the
presence of the EN on the nanofibers surface (Fig. 8). Considering
that the EN is linked on the superficial Cd?* ions, creating surface
states, the blue-photogenerated electrons in the semiconductor
are trapped in these surface states, prolonging the lifetime of the
electrons, which are transferred to the protons to produce H, and
promoting the electron-hole separation.

4. Conclusions

Nanostructured CdS nanofibers were successfully obtained
with ethylenediamine template in different organic solvents
(tetrahydrofuran, acetonitrile or n-butanol) by the simple precip-
itation method. The CdS nanofibers exhibited hexagonal struc-
ture, optical absorption in the blue region and similar specific
surface areas; however the synthesis of these nanofibers in
different organic solvent induced different amounts of the ethy-
lenediamine linked to the CdS surface. The amount of template
was affected by the heat treatment, where at 200 °C the ethyle-
nediamine was completely eliminated. The highest H, production
under blue light irradiation was obtained by the CdS nanofibers
prepared using n-butanol as organic solvent, and it was attribu-
ted to the presence of ethylenediamine linked to the superficial
Cd?* jons.
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