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Abstract

The photocatalytic reduction of 4-Nitrophenol was assisted with blue light irradiation using CdS semiconductor nanofiber.
The kinetic study of the blue-photoreduction of 4-Nitrophenol to 4-Aminophenol was performed by using Na,SO; as “hole
scavenger” in the presence of middle carboxylic acids (acetic, oxalic and citric acid). The effect of photocatalyst load, the
carboxylic acid concentration and of the pH solution (acid, neutral and alkaline media) were investigated. The maximum
4-Nitrophenol photoreduction rate was reached in neutral media and it is related to the enhanced “hole scavenging” effect
caused by the SO32_ or HSO32_ ions in the presence of carboxylic acid. Electrochemical characterization of CdS nanofiber
was made in the presence of 4-NP and citric acid. The 4-NP photoreduction reaction follows a zero order reaction and a pos-
sible mechanism to explain the fast electron transfer process is discussed as a consequence of the carboxylic acid adsorbed

on the CdS surface.

1 Introduction

Aminophenols are an important class of organic compounds
used as secondary intermediates in the manufacture of dyes,
agrochemicals, analgesic, antipyretic drugs and pharmaceu-
ticals substances such as paracetamol [1, 2]. Several meth-
ods exist for the preparation of aminophenols, including the
reduction of the nitroaromatic compounds, which are well
known as the most common contaminants present in indus-
trial and agricultural which are discharge in wastewaters
that provoke important damages to the environment because
induce serious toxicological threat to ecosystems and human
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health [3]. From the environmental and economic point of
view, an efficient approach for cleaner and cheap reduction
of aminoaromatic compounds is still under investigation
about organic synthesis [4-6].

Nowadays, an attractive alternative for the organic chemi-
cal transformation of 4-nitrophenol (4-NP) to 4-aminophe-
nol (4-AP) is the photoassisted reduction reaction using
semiconductor nanomaterials under visible light irradiation
at room temperature (soft condition) [1, 4, 7]. Typically, the
photoassisted chemical reduction reaction requires the use
of an adequate reactant molecule called “hole scavenger” for
the holes consumption, which avoids the recombination of
the photogenerated electron—hole pairs, allowing the electron
transfer process and increasing the efficiency of the photoas-
sisted reduction reaction [1, 7-9]. For the nitroaromatic pho-
toreduction using semiconductors like metal oxides, metal
sulfides or mixtures of them, the commonly used “hole scav-
engers” are the alcohols (methanol, ethanol, isopropanol)
[4, 7, 10-13], ammonium oxalate or formate (NH,C,0,,
NH,HCO,) [8, 14-16] and sodium sulfite (Na,SO;) [14,
17-21]. In few cases, organic carboxylic acids (like oxalic
or formic) can also act as “hole scavengers”, because they
react with the holes to produce active #CO, ™ radicals, which
have strong reductive ability (¢CO, /CO,, —1.8 V vs. NHE)
and can reduce nitroaromatics compounds [8, 22, 23].

Most of these studies have demonstrated that among
the metal sulfide semiconductors, the CdS is an efficient
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light-induced photocatalysts [14, 24-29], because of its blue-
photogenerated electrons exhibit stronger reductive ability
and can participate in the reduction reaction by the electron-
transfer process. Nevertheless, its efficiency depends on the
“hole scavenger” type used for the holes consumption, or
on its concentration and the reaction conditions [14, 17].
By using Na,SOj; as “hole scavenger”, the photogenerated
holes react with sulfite (SO,>7) ions forming sulfite (6SO;")
radical with the subsequent transformation toward sulfate
(SO,>7) ions and dithionate (S,04>") ions, which both could
be adsorbed on the semiconductor surface limiting the pho-
tocatalytic efficiency. However, the elimination of these
oxysulfur species might be possible using carboxylic acid
(ROOH or ROO-), because under irradiation conditions, it
reacts with the formed sulfur (eSO,~ or eSO;") radicals,
acting as “radical scavenger” [30, 31].

As far as we know, photoreduction of 4-NP to 4-AP
using Na,SO; in combination with organic carboxylic acids
as either “hole scavenger” or as “radical scavenger” has
not been applied. With this in mind, the photoreduction of
4-NP to 4-AP under blue light irradiation using CdS nanofib-
ers in the presence of either Na,SO; or middle carboxylic
acid or combination of both (Na,SO; and carboxylic acid)
was investigated. The effect of CdS photocatalyst load, the
influence of type and contents of carboxylic acids (citric
acid, oxalic acid and acetic acid) and the solution pH were
explored. The impact of the presence of carboxilic acids on
the kinetics of 4-NP photoreduction as well as the interac-
tion between Na,SO;, carboxylic acid and the CdS surface
were discussed using conventional photocatalytic studies
combined with (photo)electrochemical characterization. The
use of middle carboxylic acids as either “hole scavenger” or
as “radical scavenger” was discussed.

2 Experimental section
2.1 Synthesis of the CdS nanofibers

The CdS nanofibers were synthesized by a pre-
cipitation method in a mixture of solvent of
H,O:ethylenediamine(EN):tetrahydrofuran(THF) (10:60:30
vol%) at moderate synthesis conditions [32]. Appropri-
ate amounts of Cd(NO;),H,O (Reasol) were dissolved
in THF-H,O solution at room temperature with constant
stirring and then the EN-solvent was added. After, carbon
disulfide (CS,) was added drop wise, maintaining a stoichi-
ometry molar ratio of S:Cd of 1:1, then the transparent mix-
ture solution was heated at boiling point (~ 70-80 °C) under
vigorous magnetic stirring for 2 h and subsequently cooled
at room temperature. Finally, the resulting yellow precipitate
was collected by filtration, washed with ethanol-water solu-
tion and dried at 80 °C for 1 h.
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2.2 Characterization of semiconductor

The CdS photocatalyst was characterized by X-ray powder
diffraction using an X-ray diffractometer Siemens D500
with Cu Ka radiation (50 kV, 40 mA). The scanning rate
was 0.03 °/S in the 26 range from 5° to 70°. The band-gap
energy was calculated using the Kubelka—Munk method
from the diffuse reflectance spectra obtained with a Var-
ian Cary-100 spectrometer equipped with an integration
sphere. The morphology and the microstructural parameter
was determined by High Resolution Transmission Electron
Microscope (HRTTEM) JEOL ARM-200F microscope,
equipped with a field emission gun, operating at 200 kV.

2.3 Blue-photoreduction of 4-Nitrophenol (4-NP)

The photocatalytic reaction was carried out in a glass
home-made reactor system containing 200 mL of an aque-
ous solution with 30 ppm of 4-NP (Aldrich) and 200 mg
(8 mM) of Na,SO; as “hole scavenger” [17]. The photo-
catalysts load powder ranged from 0.025 to 0.15 mg/L and
the carboxylic acid contents ranged from 1 to 16 mM. The
desired pH solution 4, 6 or 9 was adjusted with a drop of
concentrated H,SO, or NH,OH. Once the optimal photo-
catalyst load (10 mg) of the CdS, solution pH, Na,SO; and
citric acid contents were established, additional photore-
duction experiments were performed in order to determine
its recyclability. Therefore, four cycle experiments with
the same CdS nanofibers, recovered by decantation, was
used again for 40 min. In all cases, the suspension was
maintained by magnetic stirring (600 rpm) in the absence
of bubbled air at room temperature and was left under dark
conditions for 30 min to ensure the adsorption—desorption
equilibrium. Subsequently, the suspension was irradiated
with blue light supplied by a blue LED Lamp emitting at
A =450 nm of low luminous fluxes (190 Lumens) and low
power (3 W), located at ~7 cm from the suspension. The
estimation of the concentration of photoreduced 4-NP was
made by UV-Vis spectroscopy using a Varian-Cary 100
spectrometer, by following the disappearance at 315 nm
in acid media, 400 nm in alkaline media or by the isos-
bestic point at 345 nm in either acid or alkaline media.
The kinetic data such as the apparent rate constant (K, ,)
in the photoreduction reactions were obtained considering
a pseudo zero order reaction. The Langmuir-Hinshelwood
kinetic model is usually applicable to describe the kinetics
of 4-NP reduction on photocatalyst like CdS [17].
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2.4 Electrochemical characterization

To characterize the effect of Na,SO; (8 mM) and C,H,O,
(4 mM) over the semiconducting properties and photo-
electrochemical behavior of CdS nanofibers here synthe-
sized, CdS films were supported over ITO by drop casting
as follows: ITO substrates were cleaned in an ultrasonic
bath using acetone and milliQ water, after that a squared
area of 0.25 cm? was delimited and 25 uL of a 0.1 g/L
CdS suspension in ethanol was dropped over the substrate.
The films were left to dry at room temperature, and finally
were heated at 80 °C to eliminate the remnant ethanol. It is
worth mentioning that a higher temperature was prohibited
since it could induce irreversible structural changes in the
CdS nanoparticles [32]. The electrochemical characteriza-
tion were performed in a conventional three-electrode cell
using Hg/Hg,S0O,/K,SO, (sat) as reference electrode (E,¢
= 0.64 V vs. NHE), a graphite bar (99.995% of purity)
as counter electrode and the former prepared CdS/ITO
films as working electrode. As supporting electrolyte
was employed a 30 mM KClO, solution in MilliQ water.
The (photo)electrochemical characterization of CdS sup-
ported on ITO was performed under three different sce-
narios: (i) in presence of a electrolyte 30 mM KCIlO, in
water (labeled as support), (ii) in presence of a electrolyte
30 mM KC10,/8 mM Na,SO; in water (labeled as sulfite)
and, (iii) in presence of a electrolyte 30 mM KCIO,/8 mM
Na,S05/4 mM CcHgO; in water (labeled as sulfite +-citric).
In all cases the solution pH was fixed to a value of 9.0
using NaOH. Furthermore, the solutions employed for the
(photo)electrochemical tests were previously bubbled with
N, gas during 15 min to displace the dissolved oxygen. All
the experiments were carried out in a Potentiostat/Galva-
nostat CH Instruments model CHI-604E and a blue-LED
lamp of 3W was also used.

(A) (B)

Intensity (a.u.)

Hexagonal Phase CdS

3 Results and discussion
3.1 Characterization of CdS semiconductor

The morphology of the CdS sample was as flexible fibers-
like (Fig. la) with diameter (D) ranging from 4 to 25 nm
and a length (L), difficult to determine, but probably vary-
ing between 100 and 500 nm. The specific surface area of
the CdS nanofibers is 152 m?/g. The X-ray diffraction pat-
tern of the CdS nanofibers shows reflection peaks of the
(100), (002) and (101) planes (Fig. 1b) corresponding to
the hexagonal phase (JCPDS No. 41-1049), with lattice
parameter (@=0.415 nm and ¢=0.66 nm) close to the val-
ues reported for the bulk CdS. The average nanocrystallite
size from the diffraction peak of the (002) plane is around
8 nm. CdS nanofibers exhibit absorption edge in the visible
light region close to 460—490 nm attributed to the intrinsic
band-gap transition of electron from the valence band to
the conduction band. The shaded area in the Fig. lc, cor-
responds to the emission spectrum of the blue LED lamp
used for the CdS activation. The band-gap energy is 2.6 eV,
which was slightly blue-shifted probably by the presence of
sulfur vacancies. These vacancies are generated because of
the EN-solvent is linked on the superficial Cd** ions of the
nanofibers, creating surface states that act as electron-traps,
prolonging the lifetime of the photogenerated electrons and
promoting the electron—hole separation [32].

3.2 Blue-photoreduction of 4-Nitrophenol

When the 4-Nitrophenol (4-NP) solution contains Na,SO;
(8 mM) and the pH of the solution is alkaline (pH=9),
two absorption bands were observed at 210 and 400 nm
(Fig. 2a). These bands correspond to the sulfite (SO32_)
ions and 4-nitrophenolate (4-NPhate) ions formation,
respectively [17, 18]; however, these bands were modified
by the addition of organic carboxylic acid due to the gener-
ated acid condition. So the absorption band at 400 nm of
4-NPhate ion decreased while the absorption band at 315 nm
of 4-NP (neutral specie) increased as the initial pH solution
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Fig.1 a TEM image, b X-ray diffraction pattern and ¢ UV-Vis DRS of CdS nanofibers
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Fig.2 Absorbance spectra of: a 4-NP solution containing Na,SO;
(8 mM) as a function of the solution pH modified by the addition of
citric acid (0-5 mM); photoreduction of 4-NP containing b Na,SO;

decreased from 9 to 4, which was caused by the increasing
of the citric acid concentration. The change of equilibrium
species of 4-NPhate ion toward to 4-NP species formation
was influenced by the solution pH [33, 34]. For this reason,
the 4-NP concentration was determined from the isosbestic
points (I.P.) at either 268 or 345 nm, because its molar
absorptivity at these wavelengths does not change by effect
of the pH [35]. On the other hand, the absorption band of
SO32‘ ions (210 nm) is blue-shifted by the decrease of the
pH caused by the citric acid addition, indicating that the
equilibrium of SO5>~ ions was displaced into the formation
of HSO;™ species [36, 37]. During the blue-photoreduc-
tion of 4-NPhate ion containing SO;>~ ions by using CdS
nanofibers (Fig. 2b), the absorption band of the SO32‘ ions
was unaltered and the absorption band of 4-NPhate ions
decreased while the absorption band at 300 nm increased
due to the 4-aminophenolate (4-APhate) ion formation as
the time progressed [33, 38]. In the same manner, when
the blue-photoreduction of 4-NP and 4-NPhate species in
equilibrium was conducted with HSO;™ ions and citric acid

@ Springer

500

Wavelength (nm)

(pH 9) and ¢ Na,SO; and citric acid (pH 6); d 4-APhate ion forma-
tion as function of the citric acid concentrations at 60 min by using
CdS (0.5 g/L)

(Fig. 2c), the absorption band of the HSO,> ions was also
unchanged. Besides, the absorption band of both anionic and
neutral 4-NP species decreased as the time progressed until
the appearance of the band of 4-APhate ion formation [33].
In addition, the isosbestic point at 230 and 256 nm indicates
equilibrium between the reactant and the product, suggesting
that secondary products are not formed.

The absorbance spectrum of the photoreduction of 4-NP
varies depending on the citric acid concentrations, however,
in all cases the band associated to the 4-APhate ion forma-
tion was observed (Fig. 2d) and the relative concentration
(CICy) of 4-NP was determined from the isosbestic point at
345 nm.

3.3 Effect of the photocatalyst load and pH using
Na,SO,

The C/C, of 4-NP during the photoreduction of 4-NP con-
taining Na,SO; using CdS nanofibers, yielded a straight
line, which suggested that the kinetic rate is adjusted to a
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zero order reaction (not shown). This zero order kinetic is
observed when the disappearance rate of the 4-NP reac-
tant is constant as the time progresses, indicating that the
photoreduction rate is independent of 4-NP reactant con-
centration. The zero order kinetic rate constant is typically
obtained when the optical density of the reaction solution
is large due to the relatively high concentrations of reactant
and of photocatalyst, leading to the completed absorption
of the incident blue light. Therefore a constant decrease of
the reactant and a constant formation of the products during
the course of the reaction are achieved [29]. The 4-NP pho-
toreduction containing Na,SO; without photocatalyst was
negligible (not shown), indicating that the CdS nanofibers
are needed as photocatalysts to conduct the photoassisted
reduction reaction.

The amount of CdS photocatalyst was varied in the
interval of 0.025-0.15 g/L to ensure the optimal value for
the photoreduction of 30 ppm of 4-NP with the addition
of 8 mM of Na,SO; (pH 9). The kinetic rate vs photocata-
lyst load plot exhibited two segments (Fig. 3a); the first one
at photocatalyst loads < 0.1 g/L showed a linear relation-
ship with the photocatalyst load; but at loads higher than
0.1 g/L, the kinetic rate presented a plateau (second seg-
ment). This plateau region is related to a narrowing of the
region in which the photocatalytic reaction occurs, generated
by the absorption and scattered light caused by the photo-
catalyst particles. In order to ensure an efficient absorption
of photons in our reaction system and that the photocatalytic
reaction is not influenced by the scattered light, we chose a
photocatalyst load of 0.05 g/L.

The influence of the solution pH on the photocatalytic
properties of CdS nanofibers for the photoreduction reac-
tion of 4-NP was also investigated. For this, the pH of the
solution containing 4-NP and Na,SO; was varied from 4
to 9 using either H,SO, or NaOH, finding that the kinetic
rate constants were slightly modified, obtaining a maximum
at neutral conditions (pH 6.2, Fig. 3b). Considering that in
alkaline media the species are 4-NPhate and SO;>~ ions,
while in acid media are 4-NP and HSO;™ ions, the similar

kinetic rate values obtained at this two pHs suggests that the
photoreaction does not depend on the solution pH and nei-
ther on the different sulfur species formed. This is expected
to occur since it has been demonstrated that the adsorption
of 4-NP or 4-NPhate ion on CdS surfaces can occur via
the nitrogroup (-NO,) [38] and the photodecomposition of
either SO;>~ or HSO;™ ions occur in the same way, acting as
“hole scavengers” that lead to the formation of eSO;™ radi-
cals, achieving the electron transfer process [39].

3.4 Effect of the citric acid (solution pH
and concentrations)

The C/C, of 4-NP during its photoreduction containing
Na,SO; in the presence of citric acid (4 mM) by using
0.05 g/L of CdS nanofibers at pH ~ 6.2, also yielded a
straight line which suggested that the kinetic rate is also
adjusted to a zero order reaction. The photoreaction of 4-NP
containing citric acid in absence of Na,SO; was also neg-
ligible, indicating that the citric acid alone cannot act as
“hole scavenger” and that Na,SOj is needed to conduct the
blue-photoassisted reduction reaction. The kinetic curve of
4-NP photoreduction containing Na,SOj is faster in presence
of citric acid than that in absence of it, indicating that the
4-NP photoreduction is greatly improved with the carboxylic
acid addition.

When citric acid (4 mM) was used to improve the 4-NP
photoreduction containing either SO;>~ or HSO5™ ions, the
kinetic curve plot was also slightly changed when the solu-
tion pH was modified, obtaining the maximum kinetic rate
constant at the same pH conditions (pH ~ 6.2, Fig. 4a). It
is known that depending on the solution pH in dark condi-
tions, different sulfur species in presence of carboxylic acid
should be formed [39]. In alkaline media, the SO32_ ions
act as good S-nucleophiles, which attack one of the two
oxygen atoms in the carboxylic acid (RCOOH), without
any intermediate formation. On the contrary, at pH 4.5,
the citric acid is in the ionic form (RCOQO™) and it reacts
with the HSO;™ ion through the formation of at least two

Fig. 3 Plot of the apparent 0.9
kinetic rate ?ons‘tant of 4-NP Powder Load Solution pH (0.05 g/L CdS)
photoreduction in presence
of Na,SO; as function of: a g
CdS powder load at pH 9.3; 0.6+ ’ 1
and b Solution pH using CdS = HSO; so*
(0.05 g/L) =
g
034
0¥ : , — 4 ; ; , : ; ;
0.00 0.03 0.06 0.09 0.12 015 4 5 6 7 8 9 10

Powder Load (g/L)

Solution pH
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Fig.5 Apparent kinetic rate constant for the 4-NP photoreduction
using different middle carboxylic acid at 4 mM

intermediates, RCOOSO,™~ or RCOOSO,H and RCOSO;™.
However, under irradiation conditions, the carboxylic acid
could react with the formed sulfur radicals (SO;"7), suggest-
ing that it could play role as “radical scavenger” [30, 31].
In order to study the influence of the concentrations of
citric acid in the 4-NP photoreduction containing Na,SO,
(8 mM), the citric acid concentration was varied in the
interval of 0.7 to 5 mM and the apparent reaction rate con-
stants were estimated for each concentration (Fig. 4b). The
obtained curve plot exhibited two segments; the first one at
concentrations <4 mM showed a linear relationship of the
apparent kinetic rate constant with the citric acid concen-
tration. Meanwhile, at concentrations higher than 4 mM,
the kinetic rate presented a plateau (second segment), sug-
gesting that the 4-NP photoreduction does not depend on
the citric acid concentration. This plateau region is similar
to the one that occurs when the photocatalyst load is varied
and it might be generated by the adsorption of the citric
acid on the whole surface of the photocatalyst particles.

@ Springer

Fig.6 Recyclability of CdS nanofibers for the 4-NP photoreduction
in the presence of Na,SO; and citric acid for four cycles

The CdS surface is prone to be modified by the citric acid
because it can be linked to the superficial Cd** of the CdS
semiconductor [40], allowing to enhance the “hole scav-
enging” effect and the fast electron transfer process.

For comparison, other middle organic carboxylic acids
were also tested (Fig. 5). The photocatalytic reaction
by using either acetic acid or oxalic acid in the absence
of either SO;>~ or HSO,™ ions was also negligible (not
shown), indicating that any carboxylic acid alone can-
not act as “hole scavenger” using CdS photocatalyst. The
“hole consumption” process on the CdS surface caused by
adsorption of either SO;>~ or HSO; ™ ions was not affected
by oxalic acid addition, suggesting probably that the oxalic
acid does not interact with the CdS surface. The kinetic
rate constants, obtained with the different carboxylic acids
at the same concentration (4 mM), was 1.5 times larger
with oxalic acid than without it, ~ 3 times larger with ace-
tic acid and ~ 5 times larger with citric acid (Fig. 5).
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Fig.7 HRTEM image and
lattice fringes calculated for: a
CdS before the reaction and b
CdS re-used after of 4th cycles
of blue-reaction
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3.5 Recyclability and stability of CdS nanofibers

It is known that CdS suffers photocorrosion phenomena dur-
ing the photocatalytic process, but in the presence of Na,SO;
as sacrificial reagent, CdS is chemically stable as was previ-
ously demonstrated [17]. In order to demonstrate the recy-
clability of CdS nanofibers in presence of both Na,SO; and
citric acid, CdS was re-used for four cycles of reaction. The
recyclability test revealed that the CdS nanofibers maintain
their high activity of photoreduction (80-82%) for the four
cycles of 40 min (Fig. 6). This indicates that CdS is resist-
ant to the photocorrosion phenomena in the reaction media
thanks to the presence of adequate hole scavengers, suggest-
ing larger durability to carry out the photoreduction reaction.

The stability of the microstructure of the CdS nanofib-
ers after of the photoreduction reaction was investigated by
HRTEM. The HRTEM images of fresh CdS (Fig. 7a) and
re-used CdS spent (Fig. 7b) showed diameter of nanofiber
between 7 and 25 nm and that the regular lattice fringes of
ca. 0.33-0.34 nm, corresponding to the (002) crystal planes
of the hexagonal structure of CdS. It suggests that the CdS
growth in the preferential c-axis [001] direction and that
the stability of re-used CdS spent is well remained after the
photocatalytic process.

3.6 Electrochemical characterization

The experimental data obtained until now indicate that
sulfite (SO;>7) ions and citric acid have noteworthy impact

Table 1 Impact of the electrolyte composition over the semiconduct-
ing properties of CdS nanofibers

Electrolyte Ey/V versus NHE N,/10®x cm™3
Support -0.61 0.91
Sulfite -0.76 3.31
Sulfite + citric —0.82 4.24

over the photocatalytic reduction of 4-NP at different pHs;
however, the role played by these compounds during the
photocatalytic process or on the CdS properties remains
unclear. For this reason, (photo)electrochemical characteri-
zation of CdS nanofibers supported on ITO was performed
under three different scenarios, in presence of: (i) support-
ing electrolyte (30 mM KCIO,), (ii) supporting electrolyte
and Na,SOj; and, (iii) supporting electrolyte, Na,SO; and
C¢HgO5, as was described in the methodology. All the
experiments were performed at a constant pH (~9) as this
parameter influence the reduction potential of the electrons
in CdS [41].

The semiconducting properties of the CdS nanofibers
under the three different scenarios were estimated from
differential capacitance measurement at a constant fre-
quency of 1 kHz, in a potential window in which no fara-
daic process are expected in the dark condition. The space
charge capacitance was estimated from the imaginary
component of the impedance measured [-Cg= (a)Zimg)_l].
The Cy. > versus potential curves obtained for the CdS/
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ITO films in the three different scenarios are shown in
Fig. 8a. In all cases a linear region with positive slope
was observed, confirming that CdS is a n-type semicon-
ductor. The flat band potential (Ej;,) and the donor density
(N,) were estimated by fitting the Mott—Schottky equation
for n-type semiconductors (Eq. 1), and are tabulated in
Table 1.

2N,
i=—A[Em—Eﬂ,—E] )
C2 " NiFez, n

where N, is the Avogadro’s number (6.02x 10% mol™"), N, is
incm™3, Fis the Faraday constant (~9.65 X 10*C mol_l), €,
is the relative permittivity (assumed to be 8.9 for CdS [42]),
g, is the permittivity of vacuum (8.8542x 10" # Fem™), E,,
(V) is the potential at which the measurement was carried
out, Eﬂ, is in V, R is the gas constant (8.314J K™! mol_l),
and T is the absolute temperature (~298 K). The third term
in the parentheses can be assumed to be negligible compared
to the remaining three terms at room temperature.

The Efb (=0.61 V) of CdS/ITO in the presence of the
electrolyte at pH ~ 9 is close to the reported value [43],
but the addition of sulfite and sulfite + citric acid displaced
the Ej;, towards more negative potential values (Table 1),
indicating that the electrons in CdS can present a more
reductive potential in presence of these two compounds
(—0.82 eV vs. NHE), which is favorable for 4-NP photore-
duction process (—0.3 eV vs. NHE at pH 9) [44]. Addi-
tionally, an increase in the N, (Table 1) was also obtained,
which indicates that adsorption of sulfite and citric acid on
the CdS surface induces energetic states under its conduc-
tion band. These states might act as mediators for electrons
transfer to the 4-NP during the photoreduction process, as
will be shown later in the text.

To evaluate the scavenging capability of the holes pho-
togenerated when CdS/ITO films are illuminated with blue
light, photocurrent vs potential curves were obtained using
the same LED lamp employed for the photocatalysis tests,
see Fig. 8b. The experiment started under illumination
at 0.8 V, then the potential was scanned in the cathodic
direction at a rate of 20 mVs~! and the blue-light was
simultaneously chopped. Low photocurrent was obtained
in electrolyte labeled as support but the addition of sulfite
and citric acid increases the measured photocurrent, indi-
cating that sulfite and citric acid are effectively scaveng-
ing the photogenerated holes in the CdS photocatalysts.
Additionally, the on-set of the photocurrents, i.e. the
lower potential value at which anodic photocurrents are
observed, is displaced towards more negative values in a
similar way than the Ep, (see Table 1). So, sulfite ions and
citric acid are playing a dual role during the photocata-
lytic process acting as hole-scavenger and displacing the
reduction potential of the photogenerated electrons in CdS

@ Springer

towards more negative values, offering a higher potential
difference to perform the 4-NP photocatalytic reduction.

Another way to track the trapping, accumulation and
transferring of the photogenerated electrons in n-type semi-
conductors is by measuring the variations of the open cir-
cuit potential (OCP) under illumination, and its recovering
when light is interrupted [45]. For these reason, the OCP
was measured in the three different scenarios and two per-
turbations of 1 min were performed with blue-light in order
to photoexcite the electrons to the conduction band of CdS;
after that the recovery of the OCP was followed to detect the
recombination or transfer of electrons to species in solution.
Furthermore, as the potential observed is the same of the
nanoparticles in suspension when the photocatalytic pro-
cess is performed (no electrochemical bias is imposed), it
is a more realistic approximation to what is taking place in
suspension, compared to that observed from voltammetry
measurements. For this reason, OCP measurements were
also carried out in absence and presence of 4-NP.

In all cases, the OCP versus time curves (Fig. 9) rapidly
turned more negative when the CdS films were perturbed
with blue-light, behavior characteristic of n-type semicon-
ductors that evidence the accumulation of the photogen-
erated electrons on its conduction band. When sulfite (Fig. 9)
and sulfite + citric acid (Fig. 9) were added, the OCP under
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Fig.9 Plot of OCP versus time curves obtained for the CdS/ITO in
the three different scenarios in absence and presence of 4-NP
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illumination turned more negative (from —0.5 to —0.65 eV)
which is in line with the variation in the E,, (Table 1) and the
photocurrent on-set (Fig. 8b). Additionally, the recovery of
the OCP showed differences depending of the composition
of the electrolyte. In the electrolyte labeled as support, the
OCP showed a rapid decrement when the blue-light was
definitively interrupted, followed by a potential plateau dur-
ing a small period of time (40 s), indicating the presence
of shallow energetic states under the conduction band of
the CdS [46], and finally, the OCP decreased exponentially
towards values similar to those obtained in the dark. When
4-NP was added, the OCP vs time curve measured was just
slightly modified, indicating that the photogenerated elec-
trons are not transferred to 4-NP in absence of sulfite ions.
Nonetheless, when sulfite ions were added to the electro-
lyte support the potential under illumination turned more
negative than in absence of sulfite ions, and two big changes
in the OCP recovering process can be detected (Fig. 9): (i)
the potential plateau is maintained for a longer period of
time (230 s) at a slightly more negative value than in the
supporting electrolyte, indicating that a higher quantity of
shallow energetic states were created due to the adsorption
of SO32‘ ions, and (ii) when this shallow energetic states are
depleted, the OCP did not recover its dark-condition value;
instead, it reaches a new plateau indicating the presence of
deeper energetic states that traps the photogenerated elec-
trons. Furthermore, when citric acid and sulfite ions were
simultaneously added to the electrolyte (Fig. 9), the pla-
teaus were detected at more negative potential values and
for longer periods of time (510 s), indicating the generation
of a larger quantity of shallow energetic states in the CdS.
These changes in the population of energetic states corre-
late well with the changes in the semiconducting properties
(Fig. 8). Finally, when 4-NP was added to the electrolytes
employed (sulfite and sulfite + citric), the OCP recovers in
shorter periods of times, (70 and 360 s, respectively) indi-
cating that 4-NP is scavenging the photogenerated electrons
accumulated in the different shallow energetic states. How-
ever, when the citric acid is added, the recovering time of the
OCP is five times larger indicating that electrons trapped in
these states do not recombine and are used for the electron
transfer process during the 4-NP photocatalytic reduction.

3.7 Mechanism of 4-NP photoreduction using S0;*
ions

To establish the photocatalytic mechanism for the reduction
of the 4-NP to 4-AP using either SO;>~ or HSO;™ ions on
CdS nanofibers under blue light irradiation, several aspects
should be taken into consideration:

1) In acid media at pH <6, the 4-NP (neutral) and HSO;~
ions are the predominant species in the solution and

the CdS is prone to be dissolved, but in alkaline media
at pH > 8, the 4-NPhate (anionic) and SO32_ ions are
the predominant species in the solution and the CdS is
chemically stable.

2) The photodecomposition of either SO;>~ or HSO,™ ions
yield to the formation of eSO;™ radical in the same way,
acting as “hole scavenger”. The redox potential of the
couple #SO,7/SO,*~ at pH 9 is within 0.6-0.9 eV [39,
47].

3) The position of the conduction band of CdS in the
presence of SO,*~ ions at pH ~9, is negative enough
(—=0.7 V vs. NHE), suggesting that photogenerated elec-
trons can directly be transferred to 4-NP in water [48].

Several investigations have suggested that the 4-NP
reduction reaction is dominated by the co-adsorption of
4-NPhate and SO,*~ ions to induce the electron transfer
on semiconductor surfaces [49, 50]. However, it has been
recently demonstrated that the adsorption of either 4-NPhate
or 4-NP on semiconductor surface occurs via nitrogroup
(-NO,) [38]. Therefore, the blue-photogenerated holes (h')
are consumed by either HSO;™ or SO;*~ ions adsorbed on
CdS nanofibers surface, forming sulfite (SO;) radicals that
leads to the formation of sulphate (SO42_) ions [17, 18],
whereas the blue-photogenerated electrons (e”) are trans-
ferred from shallow energetic states located under the con-
duction band of CdS to the adsorbed acceptor nitrogroup
(4-NPhate or 4-NP) to form aminophenol [25].

3.8 Mechanism of 4-NP photoreduction using S0,
ions and carboxylic acid

To establish the photocatalytic mechanism for 4-NP reduc-
tion using either SO;*~ or HSO;™ ions in the presence of
carboxylic acid on CdS nanofibers, new aspects should be
considered:

1) The used carboxylic acids cannot acts as “hole scaven-
ger” by using CdS nanofibers, because the blue-pho-
togenerated holes hardly react with the carboxylic acid
to form eCO,™ radicals due to the low redox potential
of the valence band of CdS [14].

2) The carboxylic acid can be linked to the superficial Cd**
of the CdS, creating more shallow energetic states on
CdS nanofibers, being chemically stable at pH 6-8 [40].

When different middle carboxylic acid are used in the 4-NP
photoreduction in the presence of SO32_ ions, they interact
with CdS in different way (Fig. 10). Oxalic acid is hardly
adsorbed on CdS surface and the 4-NP photoreduction reac-
tion rate is low, but either acetic or citric acid is well adsorbed
on CdS surface and the “hole scavenging effect” by either
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Fig. 10 Schematic of enhanced
“hole scavenging effect” using
Na,SO; in the presence of mid-

Efficient hole scavenger with carboxilic acid on CdS Nanofibers
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HSO;™ or SO32_ ions is 3 or 5 times increased, respectively,
and the 4-NP photoreduction reaction rate is high.

4 Conclusion

The 4-NP photoreduction rate by using CdS nanofibers was
successfully enhanced due to the holes consumption with
either HSO;~ or SO;>~ ions in the presence of organic carbox-
ylic acid. The fast electron transfer process strongly depends
on the photocatalyst load, type of the carboxylic acid and its
concentration (4 mM for citric acid). The highest 4-NP pho-
toreduction rate achieved with citric acid was associated to the
capacity of adsorption on the CdS surface to create shallow
energetic states under the conduction band of CdS to avoid the
electron—hole recombination. CdS nanofibers can be recycled
by four cycles with high chemical stability. The photoreduction
of 4-NP containing Na,SO; and organic carboxylic acids under
visible light can be achieved with great efficiency in the solar
chemical conversion.
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