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Abstract
Two ionic liquids (ILs) with different alkyl chains, 1-butyl-3-methylimidazolium chloride (BMI.Cl) and 1-hexadecyl-3-
methylimidazolium chloride (C16MI.Cl), were incorporated into ZnO particles using the microwave-assisted hydrothermal
(MAH) method. The morphology and microstructure of ZnO and ZnO/IL composites were characterized along with their
photocatalytic effect for dye degradation. While the incorporation of ILs into the ZnO particles did not alter their morphology,
it converted the shallow defects into deep defects. These changes improved Rhodamine B (RhB) photodegradation efficiency.
The dye degradation reached 62% when ZnO/C1640 was used, whereas it reached 30% when pure ZnO was used, during the
same time interval.

Keywords ZnO . Ionic liquid . Optical properties . Photocatalysis

Introduction

Industrial development and population growth cause signifi-
cant damage to the environment, especially water pollution.
Among the main water pollutants, organic dyes stand out be-
cause they are toxic and harmful to underwater life and
humans and are very difficult to be biodegraded [1, 2].
While Rhodamine B (RhB) is one of the most commonly used
organic dyes in the textile and food industries [3], it is harmful
and toxic to humans and animals and is a known carcinogen
[4, 5]. Therefore, many methods have been developed to

eliminate organic dyes fromwater sources. Among them, pho-
tocatalytic degradation is an effective method to reduce toxic
and waste materials like organic dyes [6–8]. Different chem-
ical compounds, such as SnO2, ZrO2, CdS, ZnS, TiO2, and
ZnO, have been suggested as photocatalysts for the degrada-
tion of organic dyes under UV or solar light [9–14]. Among
them, ZnO is regarded as a promising option due to its high
photosensitivity, non-toxic character, low cost, environmental
friendliness, and ease of availability [15–17]. However, due to
its high band gap (3.3 eV), ZnO absorbs light in the UVregion
and has a high recombination rate of photogenerated charges
(electron/hole pairs), which decreases the photocatalytic effi-
ciency of the process, rendering it unsuitable as commercial
photocatalyst [18, 19]. Therefore, the challenge is to alter the
structure of ZnO for improved efficiency under solar light
excitation [20]. One of the most efficient ways of altering
the structure of ZnO is controlling the morphology of the
material, since it strongly influences its photocatalytic perfor-
mance [21, 22].

Byzynski et al. [23] obtained ZnO and ZnO:N samples
using the modified polymeric precursor (MPP) and
microwave-assisted hydrothermal (MAH) methods. The sam-
ples were tested for RhB degradation under UV and visible
light for 2 h at 25 °C. They observed that all ZnO samples
presented photocatalytic activity for both conditions; howev-
er, samples synthesized using the MAH method presented a
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higher photocatalytic activity when compared with samples
obtained by MPP. The MAH samples exhibited superior per-
formance because they did not promote the recombination of
as many electron/hole pairs as the MPP samples did.
Moreover, the MAH method, due to the anisotropic growth
mechanism, promoted the formation of nanorod particles
where the major crystal faces exposed their (101) and (100)
plane surfaces, while the MPP method formed nanoplate par-
ticles with preferred (001) and (100) crystal faces exposure.

Recently, ionic liquids (ILs) have been used as co-solvents
or co-surfactants to fabricate inorganic materials due to prop-
erties, such as negligible vapor pressure, high thermal stabil-
ity, good dissolving ability, and high ionic conductivity
[24–27]. Incorporating ILs into materials can reduce the size
of grains, which is beneficial for improving some properties,
such as photocatalytic activity [28].

In this work, we present the incorporation of two ILs, 1-
butyl-3-methylimidazolium chloride (BMI.Cl) and 1-
hexadecyl-3-methylimidazolium chloride (C16MI.Cl), into
flower-like ZnO particles. The effects of the sizes of the alkyl
chains and amount of IL on the structure of ZnO materials
were studied. The photocatalytic abilities of ZnO materials
were assessed for RhB degradation under visible light.

Experimental section

Synthesis

We prepared ZnO particles using the MAH method. First,
0.03 mol L−1 Zn (NO3)2 was dissolved in 50 mL of deionized
water under constant stirring. After that, 50 mL of 2.0 mol L−1

KOH solution was added. This mixture was transferred to a
reactor and heated in a Panasonic® modified microwave ov-
en, model MN-S46B, with a frequency of 2450 MHz and
1050 W power. The reactor was heated to 140 °C, and the
temperature was maintained for 32 min. After cooling, the
reaction products were washed with deionized water to pH 7
and oven-dried for 12 h at 60 °C.

The structural formulas of BMI.Cl and C16MI.Cl are
shown in Fig. 1, and their syntheses followed the procedure
described in the literature [29].

The incorporation of ILs into the ZnO particles occurred as
follows: 0.20 g ZnO or 0.20 g ZnO containing 20 or 40% by
mass of respective ILs was mixed with 1.0 mL ethanol, and
the mixture was sonicated for 30 min. Subsequently, 0.5 mL
deionized water was added, and the mixture was sonicated for
another 30 min. After that, the mixture was placed into an
oven at 250 °C for 1 h. Details on the compositions and des-
ignations of the samples are presented in Table 1.

Characterization of the materials

The obtained powders were investigated using X-ray diffrac-
tion (XRD), micro-Raman spectroscopy, N2 adsorption-
desorption isotherm measurements, field-emission gun-scan-
ning electron microscopy (FEG-SEM), transmission electron
microscopy (TEM), ultraviolet–visible (UV–Vis) absorption
spectroscopy, photoluminescence (PL) spectroscopy, photo-
catalytic degradation, attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy, and X-ray pho-
toelectron spectroscopy (XPS).

The XRD analyses were performed utilizing a Rigaku de-
tector with Cu Kα radiation (λ = 0.15406 nm) in the 2θ range
of 5 to 120° using 0.02° min−1 steps. Rietveld refinements
[30] were performed using GSAS-EXPGUI software [31].
Micro-Raman spectroscopy was carried out using an
iHR550 spectrometer (Horiba Jobin-Yvon, Japan) coupled to
a charge-coupled device detector and an argon-ion laser
(Melles Griot, United States) operating at 514.5 nmwith max-
imum power of 200 mW. The spectra were measured in the
100–1000 cm−1 range. The specific surface areas, porosities,
and average pore diameters were obtained using N2

adsorption-desorption isotherm measurements employing a
TriStar II 3020 V 1.03 instrument. The samples were
preheated at 120 °C for 8 h in a vacuum before each measure-
ment. The specific surface area was determined using the
Brunauer–Emmett–Teller (BET) method at − 196 °C, at a par-
tial pressure P/P0 < 1. The pore size distribution was calculat-
ed using the N2 adsorption-desorption isotherms and the clas-
sic theoretical model of Barrett, Joyner, and Halenda (BJH).
Surface morphologies were studied utilizing FEG-SEM data
using a ZEISS model 105 DSM940A spectrometer operating
at 10 keV. TEM images were performed using a FEI Tecnai

Fig. 1 Structural formulas of a
BMI.Cl and b C16MI.Cl
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F20 (Netherlands) microscope operating at 200 kV. The UV–
Vis absorption spectra were recorded using the total diffuse
reflectance mode of a Cary 5G (Varian, USA) spectrophotom-
eter. We performed PL measurements in the 350 to 850 nm
range using a Thermal Jarrel-Ash Monospec 27 cm mono-
chromator, and a Hamamatsu R955 photomultiplier A
Coherent Innova 200 krypton ion laser with a 350.7 nm
(2.57 eV) exciting wavelength was used. The laser output
was maintained at 500 mW and became 14 mW when
reaching the sample.

The photocatalytic activities of the ZnO and ZnO/IL sam-
ples were tested for RhB degradation in aqueous solutions
under visible radiation. We dispersed 50 mg samples in aque-
ous solutions of RhB (50 mL of a 1·10−5 mol L−1 solution)
using an ultrasound bath (Branson, model 1510, 42 kHz fre-
quency) for 15 min. The solutions were maintained under
stirring in the dark for 30 min, which allowed them to reach
adsorption equilibrium and uniform dispersity, and we called
the time zero the moment when the first aliquot was collected.
The solutions were illuminated using six lamps (PHILIPS TL-
D, 15 Weach) in a photocatalytic system maintained at 20 °C
in a thermostatic bath under stirring. After 5 min of irradiation,
approximately 5 mL of each mixture was collected, and the
catalysts were separated from the suspensions by centrifuga-
tion. Samples were collected every 5 min up to 60 min. The
degradation process was monitored using UV–Vis absorption
spectroscopy of the solutions using a V-660 spectrophotome-
ter (JASCO). To determine the photodegradation mechanism
of RhB, experiments were carried out following the same
experimental procedure described previously. For these tests,
0.067 mg benzoquinone (BQ) (Alfa Aesar) was used to trap

superoxide radicals (O
0
2 ), 0.088 g ammonium oxalate (AO)

(Alfa Aesar) was used as hole scavenger, 0.0589mL tert-butyl
alcohol (TBA) (Alfa Aesar) was used to trap hydroxyl radicals
(OH∗), and 0.1061 g AgNO3 (Synth) was used as electron
acceptor.

The structures of ZnO, C16MI.Cl, and ZnO/C1640 sam-
ples were analyzed using ATR-FTIR (Bruker Alpha-P, in the
4000–500 cm−1 range) as well as XPS. The XPS analysis was
performed utilizing an Omicron-SPHERA station (Al Kα ra-
diation, 1486.6 eV). The survey spectra were recorded with a
50 eV pass energy, and Cl 2p, N 1s, O 1s, and Zn 2p3/2 regions
were recorded with high resolution with pass energy of 20 eV.

Results and discussion

After obtaining the powders, polycrystallinity values of ZnO
and ZnO/IL samples were evaluated using XRD patterns and
Rietveld refinement analysis. Figure 2 shows the XRD pat-
terns of the pure and modified ZnO samples.

The XRD patterns of ZnO, ZnO/C420, and ZnO/C1620
corresponded to the typical hexagonal wurtzite-type ZnO
structure and were in agreement with the Inorganic Crystal
Structure Database (ICSD) card no. 57450 for the pristine
ZnO phase with P63mc space group. However, the ZnO/
C440 and ZnO/C1640 composites showed quite different dif-
fraction profiles, presenting also peaks at 2θ = 11.3 (003),
33.4 (202), 44.1 (119), and 58.2° (220). In order to better
characterize the composites, we performed the Rietveld re-
finements for the XRD data of all samples. The obtained
values for wt.% of each phase, lattice parameters, unit cell
volumes, mean crystallite sizes (<DX-ray>), isotropic strain,
R weighted profile (Rwp) factors, and goodness-of-fit (S)
values are presented in Table 2.

The data in Table 2 shows that, in addition to the ZnO
phase, the presence of the trigonal simonkolleite
Zn5(OH)8Cl2H2O structure (ICSD card no. 16973) was iden-
tified in the ZnO/C420, ZnO/C440, and ZnO/C1640 samples.
Simonkolleite occurs as an oxidation product of Zn in the
presence of the Cl− ions of the ILs. It might be inferred that
the high concentration of Cl− ions led to the formation of the
Zn5(OH)8Cl2H2O structure. However, the formation mecha-
nism of simonkolleite is not clear and could consist of the
following two main steps: (a) formation of the layered precip-
itate Zn (OH)2 and (b) OH

− groups being partially replaced by
Cl− ions to form simonkolleite. The analysis data for the ZnO/
C420 and ZnO/C440 composites indicated the formation of
6.41 and 15.02 wt.% of Zn5(OH)8Cl2H2O. However, only the

Fig. 2 XRD patterns of (a) ZnO, (b) ZnO/C420, (c) ZnO/C440, (d) ZnO/
C1620, and (e) ZnO/C1640

Table 1 Composition and designation of samples

Sample Mass of ZnO (g) Ionic liquid Ionic liquid (wt.%)

ZnO 0.20 – –

ZnO/C420 0.20 BMI.Cl 20

ZnO/C440 0.20 BMI.Cl 40

ZnO/C1620 0.20 C16MI.Cl 20

ZnO/C1640 0.20 C16MI.Cl 40
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ZnO/C1640 sample indicated the formation of simonkolleite,
while ZnO/C1620 did not. This can be explained by the pres-
ence of the higher alkyl chain of C16MI.Cl compared to
BMI.Cl, which can prevent the chloride anions from ap-
proaching the ZnO particles, thus preventing the formation
of simonkolleite. The simonkolleite phase of the ZnO/C420,
ZnO/C440, and ZnO/C1640 samples presented lattice con-
stants (a and c) of approximately 6.3 and 23.7 Å, respectively,
and strong preferential orientation along the (003) plane, cor-
responding to a 2θ(003) angular position of approximately
11.1, which was attributed to its highly ordered reticular
planes [32]. It can also be observed that, with the addition of
ionic liquid, the mean crystallite size tends to decrease with
increasing amount and size of the alkyl chain bound to the
imidazole ring of the added IL. This behavior can be attributed
to the fact that the stabilization of particles by the ionic liquid
in aqueous medium can occur mainly by electrostatic and
steric protection methods, preventing the formation of larger
aggregates [33].

Figure 3 shows the Raman spectra of ZnO, ZnO/C420,
ZnO/C440, ZnO/C1620, and ZnO/C1640 samples.

The Raman modes observed for pristine ZnO particles
were 101, 203, 326, 381, 434, 569, and 661 cm−1, which
correspond to the active Raman modes of ZnO already report-
ed in the literature [34, 35]. However, when IL was added to
the ZnO samples, changes in the peak positions, line widths,
and peak shapes of the Raman modes can be observed. These
changes could be attributed to the non-homogeneity of the
particle size distribution, defects, and non-stoichiometry of
the samples. Rietveld refinement data showed that the ZnO/
C420, ZnO/C440, and ZnO/C1640 samples presented the
simonkolleite phase; however, their spectra did not exhibit
Raman modes attributed to this compound [32]. The Raman
modes of 238, 242, 269, and 393 cm−1 of the simonkolleite
phase may not have been observed because they were close to
the pure ZnO modes, and the incorporation of the ILs into
ZnO caused the peaks to widen and shift, causing the
Raman modes of ZnO and simonkolleite to overlap.

Pure ZnO, ZnO/C440, and ZnO/C1640 were characterized
using N2 adsorption-desorption isotherms. According to the

IUPAC, the isotherms of all samples (Fig. 4) can be catego-
rized as type IV, with distinct hysteresis loops, which con-
firmed the presence of mesoporous materials.

Incorporating ILs into ZnO particles resulted in a decrease
in the surface area of the prepared ZnO/C440 (8.3 m2 g−1)
catalyst compared to pure ZnO (13.0 m2 g−1). However, the
prepared ZnO/C1640 catalyst exhibited an increase in surface
area (17.3 m2 g−1) compared to the other samples. The mean
pore diameters of the ZnO, ZnO/C440, and ZnO/C1640 sam-
ples were 15.3, 13.0, and 14.0 nm, respectively, which, con-
sidering the experimental errors, are not significantly differ-
ent. In addition, pore volume followed the same trend as sur-
face area, decreasing from 0.060 to 0.029 cm3 g−1 for pure
ZnO and ZnO/C440 and increasing for ZnO/C1640 to
0.064 cm3 g−1. The mean diameter of the crystallites is in-
versely proportional to specific surface area, i.e., the larger
the specific surface area, the smaller the diameter [36]. The
ZnO/C440 and ZnO/C1640 samples hadmean crystallite sizes
of 152.3 and 126.9 nm and specific areas of 8.3 and
17.3 m2 g−1, respectively, indicating that the obtained data
follows this trend. This increase in specific surface area could
be attributed to the IL of the ZnO/C1640 catalyst (C16MI.Cl)
being possibly adsorbed by the ZnO particles and stabilizing
these particles in smaller sizes, while the IL of the ZnO/C440
catalyst (BMI.Cl) could have entered the ZnO structure, caus-
ing this particle to increase its diameter. In addition, we ob-
served in the DRX results that this sample presents a second-
ary phase (Zn5(OH)8Cl2·(H2O)) which has a higher cell vol-
ume, which in turn reflects in increased particle size.

Figure 5 shows FEG-SEM images of ZnO, ZnO/C420,
ZnO/C440, ZnO/C1620, and ZnO/C1640.

It can be observed in Fig. 5(a) that ZnO presents flower-
like shape in its morphology. These structures are assembled
by a large number of nanosheets that intersect with each other,
resulting in a net-like structure with porous surfaces. When
ILs were added to ZnO (Fig. 5(c–e)), the morphology of the
ZnO particles remained the same. TEM results indicate that
the presence of IL does not exert any major influence in the
crystal structure of ZnO (Fig. S1). The resulting histograms
show that the tendency of the particles is to decrease with

Table 2 Rietveld refinement results of pure ZnO and prepared photocatalysts

Sample Phase Mass (%) Lattice parameter
a = b (Å) c (Å)

Cell volume
V (Å3)

<DX-ray> (nm) Strain (%) Rwp (%) S

ZnO ZnO 100 3.25 5.21 47.68 171.7 0.296 5.47 1.51

ZnO/C420 ZnO
Zn5 (OH)8Cl2 (H2O)

93.59
6.41

3.25
6.34

5.21
23.87

47.69
830.73

154.7
36.1

0.632
0.354

6.82 1.62

ZnO/C440 ZnO
Zn5 (OH)8Cl2 (H2O)

84.98
15.02

3.25
6.33

5.21
23.66

47.69
821.58

152.3
33.1

0.691
0.913

6.93 1.68

ZnO/C1620 ZnO 100 3.25 5.21 47.69 130.7 0.317 5.59 1.49

ZnO/C1640 ZnO
Zn5 (OH)8Cl2 (H2O)

82.69
17.31

3.25
6.34

5.21
23.65

47.69
823.3

126.9
36.2

0.461
0.373

6.26 1.14
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increased ionic liquid concentration. However, the mean di-
ameter (Av) of ZnO particles increases from 1.14 to 1.79 μm
with the addition of 20 wt.% BMI.Cl and standard deviation
(SD) changing from 0.26 to 0.32 μm. This behavior can be
attributed to a higher cell volume of the secondary phase
(Zn5(OH)8Cl2(H2O)) which reflects in an increase in particle
size. Nevertheless, the addition of 40 wt.% BMI.Cl IL stabi-
lizes the ZnO particles in smaller sizes, with mean diameter of
0.92 μm and standard deviation of 0.32 μm. In addition, the
introduction of C16MI.Cl stabilizes the oxide particles in
small and uniform diameters, with mean of 0.82 and
0.78 μm and SD of 0.15 and 0.32 μm for ZnO/C1620 and
ZnO/C1640, respectively. The data indicates that the IL may
be surrounding the surface of the particle and can enter the
structure depending on the size of its cation. Therefore, the

chemical and physical interactions between IL and ZnO par-
ticles play an important role in determining the structure of the
particles, with the diameter being dependent on the amount of
ionic liquid added and the size of the cation.

UV–Vis spectroscopic measurements were performed to
investigate the effect of adding BMI.Cl and C16MI.Cl on
the optical properties of pristine ZnO. From the UV–Vis data,
the band gap energies (Eg, in eV) of the samples were calcu-
lated using the Kubelka-Munk’s method [37] described by the
following equation:

αhν ¼ A hν−Eg

� �n

where α is the linear absorption coefficient of the material, hν
is the incident photon energy, A is a proportionality constant
related to the material, and n is a constant associated with
different types of electronic transitions. As previously report-
ed, ZnO is an n-type direct band gap semiconductor with n =
1/2 [38]. The Eg values of all the analyzed samples are shown
in Fig. 6.

The Eg values of ZnO, ZnO/C420, ZnO/C440, ZnO/
C1620, and ZnO/C1640 were 3.20, 3.14, 3.09, 3.13, and
2.26 eV, respectively. The values of ZnO, ZnO/C420, and
ZnO/C1620 were very similar; however, the values of ZnO/
C440 and ZnO/C1640 were lower compared to the other sam-
ples. This reduction in Eg values can be attributed to the fact
that these samples presented higher mass percentages of
Zn5(OH)8Cl2H2O. Simonkolleite is a wide band gap semicon-
ductor with electronic band structure similar to that of ZnO
(Eg of 3.3 eV) [39]. These results indicate that the exponential
optical absorption edge and the optical band gap energy are
controlled by the degree of structural disorder in the lattice. In
the ZnO/C1640 sample, we observed a small Eg value

Fig. 3 Raman spectra of (a) ZnO,
ZnO/C420, and ZnO/C440 and
(b) ZnO, ZnO/C1620, and ZnO/
C1640

Fig. 4 N2 adsorption-desorption isotherms of ZnO, ZnO/C440, and ZnO/
C1640

Ionics (2019) 25:3197–3210 3201



accompanied by a greater slope of the curve. This behavior
indicates that the IL causes the formation of defects or local
distortion in the ZnO structure, which provokes redistribution
in the density of states and introduces intermediate electronic
defect states in the band gap. Normally, these energy states
originated from the formation of oxygen vacancies in the
structure, as a consequence of a symmetry break between
the (lattice former)-O and (lattice modifier)-O bonds [40,
41]. The decrease in Eg value could be also explained by the
deeper defects created in the samples by adding ILs to ZnO.
Therefore, adding simonkolleite reduced the Eg value and
could also enhance the activity of ZnO under visible light.

Figure 7 shows the PL spectra and deconvolution of the
three peaks for ZnO, ZnO/C420, ZnO/C440, ZnO/C1620, and
ZnO/C1640 using an excitation laser with λ = 350 nm at
25 °C.

The PL spectrum of pristine ZnO presented a broad band
with the emission maximum centered at 2.0 eV (λ =
619.1 nm). When BMI.Cl and C16MI.Cl were added to
ZnO particles, the emission maxima are shifted to 1.86 eV
(λ = 666.6 nm) for both ILs at all concentrations. In order to
verify the changes in PL properties and contributions of each
individual peak caused by the addition of IL in the ZnO par-
ticles, deconvolution was performed using the PickFit

3202 Ionics (2019) 25:3197–3210
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software with Voigt area function (Fig. 7(b–f)). The spectrum
of pristine ZnO had three components with energies centered at
2.22, 1.97, and 1.78 eV, to which the colors green, orange, and
red were attributed, respectively (Fig. 7(b)). Deconvolution
analysis showed a higher contribution percentage in the green
region (43.1%), which could be related to shallow defects.
These defects could be attributed to recombination of isolated
electrons in the vacancies of ionized oxygen (V0) with photo-
generated holes [42]. The spectra of ZnO/C420, ZnO/C440,
ZnO/C1620, and ZnO/C1640 showed the contribution of the
three components located at the same energy values as those of
ZnO particles (Fig. 7(c–f)). The deconvolutions of these spectra
showed shifts of their emission maxima to the left (red region),
accompanied by decreasing contributions in the green regions.
However, for the ZnO/C1640 sample, the percentage of orange
color was equal to that of pristine ZnO and the percentage of
green color increases with IL concentration. These changes in
contributions could be explained by the presence of ILs in ZnO
decreasing the density of shallow defects and increasing the
density of deeper defects. The deeper defects in the ZnO/
C420, ZnO/C440, and ZnO/C1640 samples might be attributed
to the presence of displacements or precipitates in the samples
[43]. These displacements could be caused by the increase in
the number of oxygen vacancies, since simonkolleite formed in
these samples. Like ZnO, simonkolleite is electrically and
chemically active due to the presence of these oxygen vacancies
on its surface. These vacancies may function as n-type donors

and, thus, significantly increase the conductivity of the material
[44].

The photocatalytic degradation performance of RhB dye
was analyzed in order to investigate the photocatalytic activity
of ZnO, C16MI.Cl, ZnO/C420, ZnO/C440, ZnO/C1620, and
ZnO/C1640 (Fig. 8).

Figure 8(a–f) shows the UV–Vis spectra of the degraded
RhB after photocatalytic degradation under visible light. For
all samples, the degraded dye exhibited maximum absorption
at 554 nm wavelength. The relative intensity values at the
maximum absorption wavelength decreased for ZnO particles
and C16MI.Cl IL, reaching 0.81 and 1.07, respectively, after
60 min. However, when 20 and 40 wt.% BMI.Cl were incor-
porated to pristine ZnO, the relative intensity values at the
maximum absorption wavelength decreased to 0.7 and 0.6,
respectively. When the same weight percentages of
C16MI.Cl were incorporated into ZnO particles, the relative
intensities of the maximum absorption wavelengths decreased
to 0.6 and 0.4, respectively. These results are evidence of the
influence of the alkyl chain size and simonkolleite phase on
dye degradation rate.

Figure 8(g) shows the C/C0 vs. time plot for RhB dye
degradation. Adding pure IL did not cause the dye to degrade;
however, when pure ZnO was added, a small degree of deg-
radation was observed, and equilibrium was reached after
45 min. When the composite samples were tested, similar
degradation performance was observed for the ZnO/C420

Ionics (2019) 25:3197–3210 3203
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and ZnO/C1620 samples. However, when the amount of IL
was increased to 40 wt.%, the ZnO/C1640 sample presented a
better performance for dye degradation under visible light.

The degradation of RhB when C16MI.Cl, ZnO, ZnO/
C420, ZnO/C440, ZnO/C1620, and ZnO/C1640 were
used was 4, 30, 40, 47, 42, and 62%, respectively, during
the same time interval (Fig. 8(h), Table 3). These results
demonstrate that the addition of IL enhanced the efficien-
cy of pristine ZnO for dye degradation. Furthermore, an
increase in degradation rate was observed with the in-
crease in the length of the alkyl chain of the IL. As can
be observed from the Rietveld results (Table 2), the ZnO/
C440 a nd ZnO /C1640 compo s i t e s c o n t a i n e d
simonkolleite phases in their structures. This can be cor-
related to the increase in the efficiency of degradation
observed for these samples. Moreover, as the IL concen-
tration increased, the concentration of the simonkolleite
complex also increased. The ZnO/C1640 sample exhibit-
ed the best photodegradation performance of all samples.
These results demonstrate that the formation of
simonkolleite, the higher surface area (Fig. 4), and size
of the alkyl chains attached to the imidazolium ring
exerted strong influence on the performance of the
catalyst.

Figure 8(i) shows a − ln Cn/C0 vs. time plot, and Table 3
shows values obtained for the rate constant, for all samples.
Since the photodegradation behavior of RhB dye can be

considered a pseudo-first-order reaction, this constant can be
obtained when the degradation curve was fitted in the follow-
ing equation:

ln C0=C
� � ¼ −kt

where k is the rate constant (min−1) and C0 and C are the RhB
dye concentration values at times 0 and t, respectively.

The ZnO/C1640 sample exhibited the highest photocata-
lytic activity of all samples, with k = 0.00954 min−1. This val-
ue was approximately 1.9 times greater than that of pure ZnO
(0.00501 min−1) and 23 times greater than that of C16MI.Cl
(0.000414 min−1). The increase in the value of k could be
attributed to a decrease in the probability of recombination
of the electron/hole pairs, which could lead to an increase in
the number of electron donors of the ZnO/C1640 sample,
causing its photocatalytic activity to increase [45].

The cluster-like elucidation of photocatalyst perfor-
mance was supported by different bulk (intrinsic) and su-
perficial (extrinsic) defect distributions, inducing material
property changes in symmetry in the short, medium, and
long ranges. The ordered complex cluster often behaved
as an electron sink and improved charge separation within
the semiconductor. The electron polarons could be
discharged from the ordered complex cluster to disordered
complex clusters. Effective charge separation (electron/
hole) was considered in terms of [ZnO4�xo and [ZnO3Vx

o
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Fig. 7 (a) Comparison of intensities of PL curves for all samples, (b–f) PL curves and deconvolution of three peaks of ZnO, ZnO/C420, ZnO/C440,
ZnO/C1620, and ZnO/C1640, respectively



]d complex clusters, where o is order and d is disorder.
The intrinsic and extrinsic effects when a hole is in an
acceptor state and an electron in a donor state can be
expressed using the following equation, where Kröger-
Vink notations were used for complex clusters [46]:

ZnO4½ �xo þ ZnO3V
x
o

� �
d
→ ZnO4½ �0o þ ZnO3V

0
o

h i
d

According to the literature, the main factor responsible for
the high-efficiency photocatalysis of the catalyst crystals is the
low recombination rate between photogenerated electrons (′)
and holes (•) on the surface of semiconductors. Our ZnO
semiconductor catalyst already had the ability to generate
′↔ • pairs. This characteristic was due to the intrinsic defects
in the lattice of the semiconductor materials with intermediate

Fig. 8 Photocatalytic performance of ZnO, C16MI.Cl, ZnO/C420, ZnO/C440, ZnO/C1620, and ZnO/C1640 for RhB degradation
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levels in the forbidden region of the valence band with the
conduction band. Therefore, each defect on the surface of
semiconductors acted as a catalytic active site due to the dif-
ferent surface energy values, as shown in Fig. 8. During the
photo-oxidation processes, the reducing clusters interacted
with water molecules, producing hydroxyl radicals and hydro-
gen. On the other hand, the oxidant clusters yielded electrons
to oxygen (O2′), as shown in Fig. 8 and Eqs. (1)–(5):

ZnO3V
•
o

� �
d þ H2O→ ZnO3V

x
o

� �
d þ OH* þ H• ð1Þ

ZnO3V
••
o

� �
d
þ H2O→ ZnO3V

•
o

� �
d
þ OH* þ H• ð2Þ

ZnO4½ �0o þ O2→ ZnO4½ �xo þ O
0
2 ð3Þ

O
0
2 þ H•→O2H

* ð4Þ
OH* þ O2H

* þ org:→CO2 þ H2O ð5Þ

In order to study the RhB photodegradation mechanism,
experiments were carried out following the same experimental
procedure previously used and the ZnO/C1640 sample which
presented the best results in the previous experiments, but
adding the following scavengers: hydroxyl radicals (OH∗),

holes (•), superoxide radicals (O
0
2 ), and an electron acceptor.

For all tests, each scavenger was added separately to the mixture
of dye and ZnO/C1640 sample. Figure 8(j) shows the results of
the photocatalytic activity tests, which were performed in order
to propose a photocatalytic mechanism. The results show that
the removal rates of RhB when BQ, TBA, and AO were added
decreased to 38, 46, and 46%, respectively. On the other hand,
the enhancement in photodegradation rate when AgNO3 was
added could be attributed to the silver ions acting as electron
acceptors in order to reduce the recombination rate of the
photogenerated electron/hole pairs [47]. Therefore, the superox-

ide radical (O
0
2 ) can be the main reactive species during the

photocatalytic degradation of RhB dye, as it caused a decrease
of approximately 25% in the degradation rate.

The obtained results showed that the formation of
simonkolleite when the IL was added increased the perfor-
mance of ZnO in the photodegradation of RhB dye.

Simonkolleite is recognized as a wide band gap semiconduc-
tor presenting an electronic band structure similar to that of
ZnO [48], thus having the ability to decompose organic dyes
[39]. The enhancement in photocatalytic activity of the sam-
ples containing Zn5(OH)8Cl2H2O phases can be ascribed to
the Zn2+ ions, which helped to inhibit the electron/hole pair
recombination and enhanced the interfacial charge transfer
reactions [49]. Badawy et al . [32] improved the
electrochemical/photochemical properties of TiO2 by adding
10% simonkolleite. They observed that the simonkolleite/
TiO2 sample presented a higher photocatalytic activity than
the pure TiO2 nanoparticles. Remazole Brilliant Red F3B
dye was degraded in 41.5 min using simonkolleite/TiO2 and
58.3 min using TiO2.

Although XRD data had shown that, while the ZnO/C1620
sample did not present the formation of the Zn5(OH)8Cl2H2O
phase, its performance in the photodegradation of RhB dye
was similar to that of the ZnO/C420 sample. This non-
complex formation can be explained by the BET results,
which showed that ZnO/C1640 presented a larger surface area
(17.3 m2 g−1), which may mean that C16MI.Cl had
surrounded the ZnO structure due to its large alkyl chain.
This behavior can explain why no simonkolleite complex
formed when only 20 wt.% C16MI.Cl was added, since a
larger amount (40 wt.%) of the long-alkyl chains was closer
to the ZnO structure, facilitating the oxidation of zinc. This
behavior was not observed for BMI.Cl because it has a shorter
alkyl chain than that of C16MI.Cl; therefore, it could enter the
pores of ZnO, as can be observed from the decrease in surface
area from the BET data.

In order to obtain evidence of the interaction between ZnO
particles and C16MI.Cl IL during the formation of the
Zn5(OH)8Cl2H2O phase, FTIR and XPS analyses were per-
formed. The FTIR results are shown in Fig. 9.

Table 3 Degradation data and the rate constant (k) values of C16MI.Cl,
ZnO, ZnO/C420, ZnO/C440, ZnO/C1620, and ZnO/C1640

Sample Degradation (%) k (min−1)

ZnO 30 0.00501

C16MI.Cl 4 0.000414

ZnO/C420 40 0.00523

ZnO/C440 47 0.00689

ZnO/C1620 42 0.00276

ZnO/C1640 62 0.00954

Fig. 9 ATR-FTIR spectra of (a) ZnO, (b) C16MI.Cl, and (c) ZnO/C1640
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The FTIR spectrum of ZnO shows a broad peak centered at
3385 cm−1 attributed to O–H stretching. The peaks at 960 and
570 cm−1 are the characteristic absorption peaks of the
stretching of Zn–O bonds [50]. On the other hand, pure
C16MI.Cl spectrum displays peaks at 1172 and 1472 cm−1

arising from the in-plane ring C–H deformation and the
CH3C–H deformation, respectively. The peaks at 1573 and
1636 cm−1 are related to the stretching of the C=N and C=C
rings, respectively. The peaks at 2839 and 2909 cm−1 were
assigned to the aliphatic C–H stretch. The absorption peaks at
3052 and 3085 cm−1 were attributed to the ring C–H stretch.
The peak at 3467 cm−1 could be attributed to the O–H stretch
from the absorbed water in the sample [51]. However, ZnO/
C1640 showed a different spectrum than the rest of the pure
samples. The broad peak at 1605 cm−1 can be assigned to the
deformation vibration of H2O molecules. The characteristic
O–H stretching vibration is found at 3492 cm−1; the strong

peaks at 900 and 720 cm−1 were due to the stretching vibration
modes of the Cl− ion [52]; and the peak at 527 cm−1 is related
to the Zn–O bond [53]. These FTIR data were in agreement
with the XRD patterns and had confirmed that simonkolleite
typically formed when high concentrations of C16MI.Cl were
used.

We carried out XPS measurements in order to obtain more
detailed information about the elemental compositions and
chemical states of ZnO and ZnO/C1640 samples, and the re-
sults are presented in Fig. 10.

Figure 10(a) shows the survey spectra of ZnO and ZnO/
C1640 particles where only the elemental peaks of Zn, O, and
C are present. The presence of C in both samples could be
attributed to the XPS instrument. Additional Cl (Fig. 10(b))
and N (Fig. 10(c)) peaks were observed for the ZnO/C1640
sample; these elements are found in C16MI.Cl IL.
Figure 10(d) shows the comparison of the asymmetric O 1s

Fig. 10 XPS spectra of ZnO and ZnO/C1640 samples: (a) survey
spectrum, (b) Cl 2p, (c) N 1s, (d) O 1s, (e) deconvolution of the two O
1s peaks of ZnO, (f) deconvolution of the two O 1s peaks of ZnO/C1645,

(g) Zn 2p3/2, (h) deconvolution of the two Zn 2p3/2 peaks of ZnO, and (i)
deconvolution of the two Zn 2p3/2 peaks of ZnO/C1640
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peaks of the samples and Fig. 10(e, f) shows the three
Gaussian curves (A, B, and C) of ZnO and ZnO/C1645 sam-
ples. Peak A, centered at 529.9 eV, could be associated with
the O2− ion of the ZnO wurtzite structure surrounded by Zn
atoms with their full complement of the nearest-neighbor O2−

ions. Peak B, centered at 531.1 eV, could be ascribed to the
presence of OH bonds. Finally, peak C, centered at 532.5 eV,
could be attributed to the surface-adsorbed species, such as
CO2, H2O, or O2 [54, 55]. It can be observed that the insertion
of the IL into the ZnO particles caused a reduction in the area
of peak C and increased the areas of A and B peaks. The
approximately 9.5% increase in the area of the B peak could
be attributed to the increase in the amount of OH bonds at the
surface. As a result of this increase in the amount of hydroxyl
radicals, the ZnO/C1640 sample presented a superior perfor-
mance during the photodegradation of RhB when compared
to the other analyzed samples. The resolution Zn 2p3/2 spec-
trum in Fig. 10(g) indicates the presence of Zn2+ ions in the
ZnO wurtzite structure of both samples [56]. In order to esti-
mate the evolution of the Zn2+/Zn0 ratio, two Gaussian curves
were applied to the Zn2p3/2 spectra. The contributions cen-
tered at 1021.4 and 1022.5 eV (peaks A and B) were associ-
ated with Zn0 and Zn2+, respectively. Figure 10(h), i shows
that the impregnation of the IL into the ZnO particles caused a
significant reduction in the number of Zn+2 ions and an in-
crease in the number of Zn0 particles of approximately 29.5%.
This behavior could indicate that interstitial zinc may have
formed due to the bombardment by energetic O2− ions [57].
Based on these results, we concluded that the ZnO/C1640
sample could be used for the photocatalytic degradation of
RhB dye under visible light and that it could exhibit a better
performance than pure ZnO.

Conclusions

ZnO particles synthesized using the MAH method were in-
corporated with BIM.Cl or C16MI.Cl ILs and analyzed for
photocatalytic degradation of RhB dye. XRD analysis, FEG-
SEM, and PLmeasurements were used in order to confirm the
format ion of the ZnO/IL composi tes and of the
Zn5(OH)8Cl2H2O phase in the ZnO/C420, ZnO/C440, and
ZnO/C1640 samples. The photocatalytic performance re-
vealed that RhB dye degradation reached 62% for the ZnO/
C1640 sample and only 30% for the pure ZnO sample, at the
same time interval. This improvement in photocatalytic per-
formance could be attributed to the formation of simonkolleite
and the size of the alkyl chain attached to the imidazolium ring
of the ILs, since the results showed that these chains exerted
strong influence on the performance of the catalyst.
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