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Abstract: In this work, we investigate the effect of TiO, properties on the photocatalytic selective
hydrogenation of 3-nitrostyrene (3-NS) to 3-vinylaniline (3-VA). The P25-TiO, photocatalysts
were calcined at 600-900 °C using different gases (Air, Ny, and Hj) and characterized by XRD,
N, physisorption, XPS, UV-Vis, and PL spectroscopy. In the photocatalytic hydrogenation of
3-nitrostyrene in isopropanol, the selectivity of 3-vinylaniline of the treated TiO, was almost
100%. A linear correlation between the 3-NS consumption rate and PL intensity was observed.
Among the catalysts studied, P25-700-air, which possessed the lowest PL intensity, exhibited the
highest photocatalytic activity due to the synergistic effect that resulted from its high crystallinity and
the optimum amount of anatase/rutile phase content, leading to the reduction of the electron-hole
recombination process.

Keywords: photocatalytic 3-nitrostyrene hydrogenation; heat treatment of TiO,; recombination

1. Introduction

The selective hydrogenation of organic molecules is one of the most important goals of the
chemical industry. Functionalized anilines produced by hydrogenation of nitroaromatics are the
important intermediates in agrochemicals, pharmaceuticals, dyes and pigments. 3-vinylaniline (3-VA)
is a significant compound of aniline having a vinyl group and can be used for the production of fine
chemicals, functionalized polymers, pigment and pharmaceuticals. Generally, 3-VA is produced by
the selective hydrogenation reaction of 3-nitrostyrene (3-NS) [1,2]. This reaction is normally operated
under medium-to-high temperature (T > 393 K) and hydrogen pressure (PH, > 3 bar) using noble
metal catalysts [3-5]. The selective hydrogenation of 3-NS to 3-VA is very challenging because there
are two reducible functional groups, which could be hydrogenated in 3-NS. The reaction mechanism
of 3-NS hydrogenation was proposed by Haber et al. [1]. This process had two different reaction
routes, including direct paths to 3-VA and a condensation route. 3-ethylnitrobenzene (3-ENB) and
3-ethylaniline (3-EA) were produced from over-hydrogenation of 3-NS. In order to improve the
catalytic performance, the effects of pretreatment conditions [6,7], reaction mediums [6,8], catalyst
supports [8,9], and addition of promoters [10] have been investigated.

The photocatalytic reaction process is currently attracting considerable attention due to a myriad
of applications, such as hydrogen production by water splitting, air purification, waste water treatment,
and selective synthesis of organic compounds [11]. When UV-light is adsorbed by photocatalysts,
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the electron in the valence band jumps through the band gap to the conduction band, leaving a positive
hole in the former, causing reduction and oxidation, respectively. Among the various photocatalysts,
TiO; is a common, inexpensive, and non-toxic material that is widely used in many applications as
photocatalysts for environmental protection (such as removal of air pollutants, removal of hazardous,
disinfection, deodorization and removal of NOy), and the energy field, for example dye sensitized
solar cell and hydrogen evaluation [12-15]. The synthesis of organic compounds by the photocatalytic
hydrogenation process at room temperature is an interesting alternative process due to its high safety,
indispensable light source, and clean process [2,6].

The production of aniline by photocatalytic hydrogenation of nitroaromatic was reported by
Inamura et al. [16-18]. This process can be operated in oxalic acid, formic acid, or alcohol as a hole
scavenger with the suspension of TiO, at atmospheric pressure and room temperature without the use
of any reducing agent. Most research works showed very high aniline selectivity. Moreover, by using
alcohol as the solvent and hole scavenger, aniline was produced, in addition to ketone. The effect of
reaction conditions, such as the effects of the presence of O, and the types of TiO, were investigated.
However, the effect of TiO, properties on the photocatalytic performances in these reactions was not
deeply studied. Therefore, this work aims to investigate the effect of TiO, properties obtained after
treatment under various conditions on the catalytic performances in the liquid phase photocatalytic
hydrogenation of 3-NS to 3-VA in 2 propanol under UV light irradiation.

2. Results and Discussion

2.1. Reaction Results

In this work, the effect of TiO, properties on the photocatalytic selective hydrogenation of 3-NS
to 3-VA was investigated in a batch reactor under UV light irradiation for 6 h without the use of a
reduction gas. The photocatalytic performances in terms of %3-NS conversion and %3-VA selectivity
on various treated TiO, are summarized in Table 1. The 3-NS conversion increased from 45.4% for
the non-treated P25 to 70.9% for the TiO, calcined at 700 °C in air flow. However, further increase
of calcination temperature to 800 °C and 900 °C resulted in the decrease of %3-NS conversion to
57.8 and 51.5, respectively. Changing the calcination gas also affected the photocatalytic activity of
TiO,. The %3-NS conversions increased in order of Air > Hy >Nj. It is interesting to note that only
3-VA and acetone were observed in this process, which indicated that there were no by-products
formed. The %3-VA selectivity of all the treated TiO, catalysts were nearly 100%. The formation rate
of 3-VA and acetone are shown in Table 1. The formation rate of 3-VA of all the treated catalysts was
proportional with the formation rate of acetone at the ratio around 1:3. The reaction equations and
mechanism are shown below in Scheme 1:

Table 1. Results of photocatalytic selective hydrogenation of 3-NS to 3-VA performance for P25-TiO,
catalysts treated with difference calcination condition under UV light irradiated for 6 h.

%Conversion  %Selectivity to  Rate of 3-VA Formed  Rate of Acetone Formed

Sample of 3-NS 3-VA (umole/g—1h~1) (umole/g—1h~1)
P25 454 96.7 74.2 208.3
P25-600-air 431 100 717 2105
P25-700-air 70.9 100 120.0 340.0
P25-800-air 57.8 100 99.2 287.4
P25-900-air 515 100 87.0 240.6
P25-700-N, 57.6 100 96.9 288.6

P25-700-H, 61.4 100 103.3 290.0
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TiO, + hv > TiO, (e +h) (1)
TiO, {h*} + (CH,),CHOH >  TiO, {e} + (CH,),CO + 2H* 2)
2TIO, {e'} + (CH,NO,) +2H* >  2TiO, + (C;H,NO) + H,0 3)
2TIO, {e'} + (CiH,NO) + 2H* > 2TiO, + (C4H,NO) (4)
2TiO, {e'} + (C{H,NO) + 2H* 3> 2TiO, + (CH,NH,) + H,0 (5)
NH
N0 hv .
I 3(CH%)2CHOH — + 3(CH3)2C0 T 2H20
2 TiO, Z
(GsH,NO,) (CsH;NH,)

(overall reaction)

Scheme 1. Simplified reaction pathways in the hydrogenation of 3-NS.
2.2. Characteristics of the P25-TiO; Catalysts

The properties of P25-TiO; catalysts were modified by heat treatment under various temperatures
and gas flows. The XRD patterns of P25-TiO, after calcination at various conditions are shown in
Figure 1. The average crystallite size and rutile content of all the treated TiO, catalysts were calculated
by using Debye-Scherrer’s equation and Spurr’s method; the results are summarized in Table 2.
The P25-TiO; catalyst presented the characteristic main peaks for anatase (101) phase at 2@ degrees =
25.3° and rutile (110) phase at 20 degrees = 27.4° [19]. P25-TiO; is a commercial titanium dioxide with
80% anatase and 20% rutile phase components. After calcination at 600 °C, the peaks of the anatase and
rutile phases increased correspondingly with slight rise of the rutile phase content from 17% to 27%.
However, calcination at higher temperatures caused rapid increase of the rutile phase and crystallite
size [20,21]. For example, calcination at 700 °C resulted in rapid phase transformation, and 77% of
the rutile phase was formed. The anatase phase was completely transformed when the calcination
temperature was further increased to 800 °C. Increase of calcination temperature influenced phase
composition and crystallization. The calcination at high temperatures leads to phase transformation
of anatase to rutile and crystal growth [20,21]. Changing the calcination atmosphere from air to N»
did not alter the phase transformation and crystal growth; however, calcination in H; resulted in
higher rutile phase content. This was probably due to reduction reaction between H; gas and TiO,
surface, which created an oxygen vacancy and promoted rutile phase transformation. Formation of
point defect under the thermal treatment of TiO; in a reducing environment accelerated the TiO,
lattice rearrangement process, which promoted the rutile phase transformation [22]. After the heat
treatment process, the XRD peak intensity of TiO, became higher, which indicated that the increase of
crystallinity was caused by a re-arrangement of the TiO, crystal structure.

Table 2. Phase composition, crystallite size, BET surface area, and band gap of P25-TiO; calcined
difference temperature.

Sample Wa (%) WR (%) dp(mm) dg(nm) BET Surface Area (m?/g)  Band Gap (eV)
P25 83 17 23 33 40 3.18
P25-600-air 73 27 29 59 31 3.14
P25-700-air 23 77 43 76 9 3.05
P25-800-air - 100 - 92 6 3.01
P25-900-air - 100 - >100 5 2.98
P25-700-N, 24 76 40 85 10 3.06

P25-700-H; 11 89 27 81 9 3.07
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Figure 1. XRD patterns of P25-TiO, after heat treatment; P25 (a), P25-600-air (b), P25-700-air (c),
P25-700-Nj (d), P25-700-H, (e), P25-800-air (f), P25-900-air (g).

The plot between the BET surface area and rutile phase content, which was obtained from the
different calcination conditions, is shown in Figure 2. An opposite trend between BET surface area
and rutile phase content was clearly observed. P25-TiO; has surface area of 40 m?/g. Calcination at a
high temperature led to the reduction of surface area and increased rutile component [23]. However,
changing calcination atmosphere from air to H, and N, did not change the BET surface area.
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Figure 2. Temperature for heat treatment versus BET surface area and % rutile component.

The UV-Vis absorption and UV-Vis-DR spectra are used to investigate the light adsorption of
all treated TiO, samples at UV and visible light range; the results are shown in Figure 3. The typical
band of P25-TiO; was found at 392 nm, which could be ascribed to the absorption of light caused by
the excitation of electron transfer from the valence band to the conduction band [21]. Increasing of
calcination temperature resulted in enhancement of visible light adsorption (A > 400 to 700 nm) and
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sharpness of the UV-vis curve (steep slope), which indicated a higher degree of crystalline quality.
This was in good agreement with the XRD results. The band gap energy of various treated TiO,
catalysts can be determined from a plot of (hva)!/2 versus photon energy (hv), which is shown in
Figure 4 and Table 2. The redshift in band gap energy of TiO, was observed by treatment at a higher
temperature due to the increase of rutile phase content in the TiO, photocatalysts [21,24,25]. The band
gap energy of pure anatase and rutile phase was 3.2 eV and 3.0 eV, respectively [26,27]. Therefore,
the increased rutile content after calcination at high temperature narrows the band gap. Moreover,
the formation of defects by oxygen loss during the calcination process can lower band gap value of
TiO,, promoting the electron transition from the valence to the conduction band. On the other hand,
calcination under different atmospheres did not change main adsorption edge and band gap energy;
however, P25-700-H; exhibited addition adsorption spectra in the visible light region. Similar results
were reported by Naldoni et al. [22,28]. The black TiO; obtained from thermal treatment of amorphous
commercial TiO, in Hj flow exhibited the adsorption spectra at visible light region. They suggest
that the increasing of vacancy site concentration could create a free oxygen vacancy band below the
conduction band, which is responsible for visible light absorption.
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=5 b (P25-600-air) = 405nm 100 4
1.2 ¢ (P25-700-aix) = 416nm
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Figure 3. UV-Vis absorption and UV-Vis-DR spectra of P25 (a), P25-600-air (b), P25-700-air (c),
P25-700-N; (d), P25-700-H, (e), P25-800-air (f), P25-900-air (g).

| a (P25-Uncalcined) = 3.18eV
8 | b (P25-600-air) = 3.14eV
| ¢ (P25-700-air) = 3.05eV
Q 6 4 d (P25-700-N,) = 3.06eV
-’g\ e (P25-700-H,) = 3.07eV
L 4 4 f (P25-800-air) = 3.01eV
1 g (P25-900-air) = 2.98eV

25 2.6 2.7 2.8 2.9 3.0 31 3.2 3.3 3.4 3.5
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Figure 4. Band gap plot between (hva)!/2 versus photoenergy of P25 (a), P25-600-air (b), P25-700-air
(), P25-700-N (d), P25-700-Hj (e), P25-800-air (£), P25-900-air (g).

XPS was used to determine the surface properties of treated TiO, catalysts. The XPS spectra of
Ti 2p of all TiO, catalysts are shown in Figure 5. The XPS spectra of TiO, exhibited characteristic Ti
2p binding energies, Ti 2p3,, and Ti 2p;/, doublets, centered at 458.5 eV and 464.5 eV, which were
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associated with the Ti** valence state on lattice oxygen [29-31]. Two shoulder centered at 463 and 457.3
could be assigned to TiyO3, corresponding with the Ti®* valence state and associated with oxygen
vacancy (Ov) defect in the system [30-33]. The deconvolution peaks of Ti 2p core levels with Gaussian
fitting are also shown in Figure 5. All the treated TiO, photocatalysts exhibited four peaks consistent
with titanium dioxide (Ti**) and titanium sub oxide (Ti**). The surface species’ content calculated
from the XPS peaks are summarized in Figure 6. The amount of Ti** did not change after calcination at

different temperatures, whereas calcination in reduction atmosphere resulted in an increase of Ti**.

However, the Ti®* contents of all treated TiO, catalysts were quite small, which was to attributed the

oxidation of Ti®* in air.
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Figure 5. XPS spectra Ti2p of P25-TiO; after heat treatment; P25 (a), P25-600-air (b), P25-700-air (c),

P25-700-Nj (d), P25-700-H, (e), P25-800-air (f), P25-900-air (g).
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Figure 6. XPS spectra Ols of P25-TiO, after heat treatment; P25 (a), P25-600-air (b), P25-700-air (c),
P25-700-N; (d), P25-700-H, (e), P25-800-air (f), P25-900-air (g).

The XPS spectra and fitting peaks of Ols core levels of all treated TiO; catalysts are shown in
Figure 6. All the catalysts exhibited two main peaks centered at 529.80 eV and 531.30 eV, which were
assigned to the lattice oxygen and TipO3-oxygen vacancies sites, respectively [30,31,33,34]. The oxygen
surface specie contents, calculated from the deconvolution of XPS spectra, are also summarized in
Figure 6. The oxygen vacancy sites slightly increased when the calcination temperature was increased
from 600 °C to 800 °C and then remained constant, while, a large increase of oxygen vacancy sites
was observed for the ones calcined in Ny and Hj. The slight increase of lattice oxygen vacancy
sites with calcination in air at high temperature was brought down due to thermal stress caused by
rapid change in the calcination process [29]. However, a large increase of oxygen vacancy sites after
treatment in a more reduced atmosphere (N and Hj) was due to the reduction of surface lattice
oxygen, which created more oxygen vacancy [32]. A loss of surface lattice oxygen atoms removed

from stoichiometric TiO, affected the Ti** ions, which received electrons from lattice oxygen, resulting
in the increase of the Ti**/Ti** ratio.

The efficiency of charge carrier trapping, immigration, and transfer in a semiconductor was
investigated by photoluminescence spectroscopy. The PL spectra of all treated TiO, are shown in
Figure 7. Generally, when semiconductor materials receive energy equal or higher to their band
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gap, the electrons are excited and then transferred from the valence band to the conduction band,
which generates h* in the valance band. However, electron in the conduction band is easily transferred
to the valance band, through a so-called recombination process [35]. The PL signal was energy release
photoluminescence during recombination of electron and hole, when electrons transfer from the
conduction band bottom to the sub-band; then, the radiative transitions to the valance band, releasing
high photoluminescence energy, which results in a high recombination rate [33]. Multiple PL signals
can be detected in the visible region. The peak at 436 was attributed to self-trapped electrons localized
on TiOg octahedra [36] and peaks at 451 nm, 469 nm, 484 nm, and 492 nm were attributed to oxygen
vacancies with two trapped electrons forming at the TiO, surface [37-39]. Our results show that
the PL spectra decreased drastically as the calcination temperature increased to 700 °C; however,
further increasing of calcination temperature resulted in a rise of PL signal. Changes in the calcination
atmosphere also affected the PL signal and the signal decreased in order of Air < Hy < Nj.

469
s 451 i

W = 6] <))
1 1 1 1

PL Intensity x 10° (CPS)
N

300 325 350 375 400 425 450 475 500 525 550
Wavelength (nm)

Figure 7. Photoluminescence spectra of P25 (a), P25-600-air (b), P25-700-air (c), P25-700-N, (d),
P25-700-H; (e), P25-800-air (f), P25-900-air (g).

In order to understand the effect of various properties of TiO, on the catalytic performances in
photocatalytic liquid-phase selective hydrogenation of 3-nitrostyrene to 3-vinylaniline, the relationship
between the reaction rate of 3-NS and various properties such as crystallite size, %Ti**, %Oxygen
vacancy sites, band gap energy and PL intensity are investigated and shown by different plots
in Figure 8. There were no obvious relationships between the reaction rate of 3-NS and those
properties, except for the PL intensity. A linear relationship between the reaction rate of 3-NS and
PL intensity was clearly observed. This indicates that the electron-hole recombination process was
the main factor in this reaction. This is in good agreement with our previous proposed reaction
mechanism. The photocatalytic selective hydrogenation of 3-NS did not require the metal sites to
hydrogenate substrates like conventional liquid phase selective hydrogenation; however, the H,
generated by a reaction between isopropanol and hole (h*) and electron, were necessary for the 3-VA
formation. The electron and hole (h*) required in this process were generated from the photoreaction.
Therefore, the electron and hole separation process directly affects the photocatalytic activity in
selective hydrogenation of 3-NS.
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Figure 8. Rate of 3-NS formed versus properties after heat treatment of P25-TiOy; crystallite size
anatase (a), crystallite size rutile (b), %Ti%* (), %Oxygen vacancy (d), bandgap (e), PL intensity at peak
469 nm (f).

The obtained results show that the %3-NS conversion increased from 45.4 to 70.9 after calcination
at 700 °C; however, further increasing of calcination temperature to 800 °C and 900 °C resulted in a
decrease of %3-NS conversion to 57.8 and 51.5, respectively. The characterization results show that
increasing of calcination temperature resulted in increase of crystallite size, rutile content, crystallinity,
oxygen vacancy content, and narrow band gap. Improvement of TiO, crystallinity after calcination
reduces the electron-hole pair loss, owing to the trapping of either charge carriers at defect states [11].
The presence of mix phases of anatase and rutile in the TiO, catalysts also promoted photocatalytic
activity by a synergistic effect between the antenna effect of rutile phase, which had a stronger
photoabsorption and provided more electron-hole pairs; and the activation effect by anatase phase,
which reduces the recombination of photogenerated charges [40-46]. However, increasing of crystallite
size after calcination resulted in a decrease of the surface area of TiO,, which reduced the density
of active sites for substrate adsorption [21]. In our case, calcination at 700 °C cured the TiO, crystal
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defect and provided rutile phase contents, which reduced the electron-hole recombination process by a
synergistic effect. However, calcination at a higher temperature resulted in the complete transformation
of anatase to rutile phase and large increase of the TiO, crystallite size, leading to the loss of synergistic
effect of the mix phases and the loss of active surface area of the photocatalysts.

Calcination under various atmospheres at the same temperature did not have much effect on
physical and optical properties, such as BET surface area, crystallite size, rutile content, and band
gap energy, except higher rutile content and broad band absorption for A > 400 nm after calcination
in Hy flows; however, it could alter the surface Ti** and oxygen vacancy sites. The Ti** and oxygen
vacancy site on the TiO; surface are known as an active site to trapp nitroaromatic at the conduction
band [2,16] and increase the separation of the charge carriers. However, the PL results showed that the
recombination process were in order of Air < Hy < Ny, which was similar in trend to the photocatalytic
activity. This suggests that the excess of Ti>* and oxygen vacancy site led to the formation of the
un-localize band at the conduction band, leading to faster recombination [47-52].

2.3. Recyclability and Properties of Spent Catalysts

In order to determine the stability and recyclability of the catalysts, the photocatalytic selective
hydrogenation performance of the P25-700-air catalyst was repeatedly determined for five consecutive
batches. The catalysts were recovered by using centrifugation and filtration from the obtained reaction
mixture and then re-used. As shown in Figure 9, it is clear that only negligible loss (less than 13%) in
%3-NS conversion was observed. This suggests that the prepared photocatalyst is active and can be
used for long-term applications.

%Conversion of 3-NS

P25-700-air %Selectivity to 3-VA
80 -
70.9

| 7 % 64.3 62.2 61.4
7

T
o
1

Conversion and Selectivity (%)
N [=2)
(=] (=]

o

1 2 3 4 5
Cycle

Figure 9. The catalytic performance of P25-700-air under UV light irradiated for 6 h at different cycles.

The physiochemical properties of spent catalysts were evaluated using TGA analysis; the results
are presented in Figure 10. All the spent catalysts exhibited %weight loss in the range of 0.8% to
5%, and a temperature range of 100 °C to 500 °C. This weight loss could probably be due to the
thermal decomposition or volatilization of chemical substance presented in the TiO, catalysts [53,54].
However, the weight loss that occurred at a higher temperature can be attributed the condensation
reaction between two adjacent Ti-OH groups, which resulted in the formation of Ti-O-Ti bonds and
loss of water molecules [55]. These processes were associated with crystal growth and the rutile
phase transformation process. The amount of %weight loss decreased as the calcination temperature
increased, due to fact that the chemical substance and loss of water had already occurred after
thermal treatment.
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Figure 10. TGA analysis of all spent catalysts; P25 (a), P25-600-air (b), P25-700-air (c), P25-700-N; (d),
P25-700-H; (e), P25-800-air (f), P25-900-air (g).

3. Materials and Methods

3.1. Synthesis of Treated P25-TiO,

Degussa P25-TiO; (Commercial TiO,) was used as the reference catalyst. Two gram of P25-TiO,
was transferred into the crucible and calcinated at various temperatures in a muffle furnace for 5 h,
resulting in P25-xxx-air (xxx = 600, 700, 800, 900 °C). P25-xxx-H,, P25-xxx-N; were calcinated in Hp
and N gas flow, respectively, for 5 h.

3.2. Photocatalytic Test

200 pumol of 3-nitrostyrene (96%, Aldrich Chem. CO. Ltd, Darmstadt, HE, Germany), 20 mL
of isopropanol (99.95%, Fisher Chem. CO. Ltd, Pittsburgh, PA, USA) and 0.2 g of catalyst were
transferred into a pyrex glass tube reactor and sealed by septum. The mixture was sonicated for
5 min to disperse catalysts in the solution. The solution was purged by introducing N, bubble gas
for 5 min, which eliminated air from the reactor. The pyrex glass tube containing the substrate,
solvent and catalyst were photo-irradiated under mercury mixed lamp Philips 500 W E40) for 6 h,
which was located 10 cm above the suspension surface, with a magnetic stirrer. The substrate and
products were analyzed by GC-FID, which was calibrated with authentic concentrations of both
samples. After the reaction, the catalyst was removed by filtration and the resulting products analyzed
by GC-FID Shimadzu (with Rtx®5 Restek columns, Bellefonte, PA, USA and DB-1wax Agilent columns,
Santa Clara, CA, USA).

3.3. Analytical Method

All powder characterizations were investigated at room temperature. The X-ray diffraction (XRD)
was estimated by a SIEMENS D5000 X-ray diffractometer (Berlin, Germany) with Cu K« radiation
using an Ni filter. The BET surface area was measured through single-point nitrogen gas physical
adsorption using the Micromeritics Chemisorb 2750 Pulse Chemisorption System (Norcross, GA, USA).
X-ray photoelectron spectroscopy (XPS) was performed by an AMICUS photoelectron spectrometer
(Manchester, UK) equipped with a Mg Ko that had X-ray as a primary excitation and a KRATOS
VISION2 software. UV-Vis spectroscopy was performed by using the Perkin Elmer Lambda 650
spectrophotometer (Waltham, MA, USA). The photoluminescence spectroscopy (PL) was achieved
using Fluromax® by Horiba and Xenon lamp source excitation at 320 nm (Minami-ku Kyoto, Japan).
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Thermogravimetric analysis was done with air by using SDT Q600 V8.3 Build 101 (New Castle,
DE, USA).

4. Conclusions

Photocatalytic selective hydrogenation of 3-NS to 3-VA was carried out in a suspension of
TiO, photocatalysts in isopropanol under UV-light irradiation. The effect of TiO, properties on
photocatalytic performances were investigated by treating the P25-TiO, at different calcination
temperatures under different gases flows (Hp, N2, and Air). A linear correlation between the reaction
rate of 3-NS and PL intensity was clearly observed. This suggests that the electron-hole recombination
process was the main factor in this reaction. Among all the catalysts studied, the P25-700-air exhibited
the highest photocatalytic activity due to its high crystallinity and optimum amount of mixed phase
content, leading to the reduction of the electron-hole recombination process by a synergistic effect.
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