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H I G H L I G H T S

• Composites combining Nd(OH)3 and
ZnO were synthesized.

• Synergic effect between Nd(OH)3 and
ZnO favored photocatalytic activity.

• 1Nd(OH)3-ZnO composite showed
high antimicrobial activity against E.
coli and S. aureus.

• Nd(OH)3-ZnO can be used as lumi-
nescent materials, photocatalyst and
antibacterial agent.
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A B S T R A C T

Nd(OH)3-ZnO composites were synthesized with three content of Neodymium (1, 3 and 5 wt%) and char-
acterized in terms of their structural, morphological, vibrational, optical, surface, photocatalytic and anti-
microbial properties. The Nd(OH)3-ZnO composites are constituted by ZnO, which showed hexagonal structure,
three-dimensional morphology analogous to an arrangement of flowers with hexagonal rods, and the Nd(OH)3 in
the hexagonal phase with irregularly spherical shape. The presence of the Nd(OH)3 in the composites promoted
some structural degree of disorder in the ZnO network as well as interstitial defects and oxygen vacancy, which
improved photocatalytic and antimicrobial activity. From the Box-Behnken design and response surface meth-
odology, it was determined that the 1Nd(OH)3-ZnO composite showed the highest photocatalytic activity, which
was attributed to its higher crystallinity, smaller crystallite size and particle width, band gap energy close to ZnO
and lower recombination rate compared to ZnO. Nd(OH)3-ZnO composites showed higher antimicrobial activity
against E. coli and S. aureus than ZnO pure, evidencing the synergistic effect between Nd(OH)3 and ZnO in the
composites. Therefore, this study highlights the synthesis of Nd(OH)3-ZnO composites combining zinc oxide and
neodymium hydroxide with excellent photocatalytic and antimicrobial activity, which can be used in different
practical applications such as luminescent material, photocatalyst and antimicrobial agent.
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1. Introduction

ZnO is an n-type semiconductor which can be applied in several
areas such as electrical and chemical devices, sensors, solar cells, lasers,
heterogeneous photocatalysis and antimicrobial treatment [1–5] due to
its physical and chemical properties. However, the properties of ZnO
are influenced by the method of synthesis [4,6], doping [7,8] formation
of the composite [9–11] and heterojunction [12,13]. This semi-
conductor can be prepared by various synthesis routes, such as pre-
cipitation [4,7,14], hydrothermal [6,14,15] and solochemical
[4,16–19] methods. The precipitation is a simple and low cost tech-
nique for large-scale production [14]. The solochemical method is
based on chemical reactions produced by adding a metal precursor to a
heated alkaline solution under slow reagent mixture and controlled
temperature. This method is considered simple, fast and inexpensive,
since there is no need for additives and heat treatment at high tem-
peratures for oxide production, avoiding parallel reactions, by-product
formation and additional costs with complex equipment [4,16–19].

The combination of ZnO with other oxides, metals, non-metals and
lanthanides can improve optical, photocatalytic and antimicrobial
properties for reducing the electron-hole pair recombination rate,
creating new active sites and enhancing the characteristics of different
materials by generating a synergistic effect between them [16,20–23].
Although Neodymium, a rare earth metal from the lanthanum group, is
often used in ZnO doping [17,18,24,25], it can also be employed in the
form of a composite [23,26]. Azadi et al. [23] showed that ZnO-Ag-Nd
nanocomposite has high photocatalytic activity in dye degradation,
characterizing a cost-effective treatment method for low-concentration
dye. Sin et al. [26] synthetized ZnO/Nd-doped BiOBr composite and
attributed the high photocatalytic activity of this material to the ef-
fective separation of photogenerated electron-hole.

At present, literature lacks studies regarding the combination of
oxides and hydroxides for application in photocatalysis and disinfection
process. Hao et al. [27] synthesized ZnS/ZnO/Ni(OH)2 bifunctional
composites via one-step hydrothermal reaction, reaching high electro-
chemical performances and photocatalytic activity. Sanivarapu et al.
[28] and Wang et al. [29] observed that Nd(OH)3 and La(OH)3 showed
activity in photoelectrochemical water splitting and photocatalytic ac-
tivity in degradation of the Congo red dye, respectively. The specific
combination of zinc oxide and neodymium hydroxide in the form of
composites has not been depicted in the literature.

This knowledge gap or insufficiency, coupled with the need for a
complete study to understand how the hydroxide-oxide interaction in-
fluences the composites properties, especially those related to photo-
catalytic and antimicrobial activity, motivated the development of this
research. Thus, the aim of this study was to synthesize and characterize
composites constituted by Nd(OH)3 and ZnO with different neodymium
content (1, 3 and 5 wt%), called Nd(OH)3-ZnO composites. The effect of
the Nd content on the structural, morphological, vibrational, optical
and surface properties was evaluated using the techniques of X-ray
diffraction (XRD); scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM); Fourier transform infrared spectro-
scopy (FT-IR) and Raman spectroscopy; UV–Vis diffuse reflectance
spectroscopy (DRS) and photoluminescence (PL); and point of zero
charge (pHPZC), respectively. The photocatalytic activity of composites
on the degradation of ciprofloxacin hydrochloride (CIP) under UV ra-
diation was evaluated using 3-factor, 3-level Box-Behnken design and
the response surface methodology (RSM). The disk diffusion method
was used to evaluate the antimicrobial activity of the composites
against Escherichia coli Gram-negative and Staphylococcus aureus Gram-
positive bacteria. Therefore, the novelty of this study is the synthesis
and characterization of composite combining ZnO and Nd(OH)3 for
possible application in heterogeneous photocatalysis, disinfection pro-
cess and optic-electronic applications.

2. Materials and methods

2.1. Synthesis of Nd(OH)3-ZnO composites

The methodology used in the synthesis of Nd(OH)3-ZnO composites
was a combination of the solochemical [16] and co-precipitation [30]
methods with some adaptations. In a typical synthesis, 0.16, 0.50 and
0.84 g of Nd(NO3)3·6H2O (Sigma Aldrich, 99.9%) corresponding to 1, 3
and 5 wt% Nd in relation to Zn respectively were mixed to 250 mL of
0.3 mol L−1 Zn(NO3)2·6H2O (Synth, 99%) solution. Neodymium con-
tents used in the synthesis of composites were defined from previous
studies and literature. This solution was slowly dripped (for 1 h) in
250 mL of NaOH (NEON, 98.8%) solution (1 mol L−1, pH 12) at
70 ± 3 °C under vigorous stirring (> 100 rpm). The dispersion was
aged for 2 h with continuous stirring and heating. The precipitate was
then separated by decantation, washed several times with water to
neutral pH and dried at 70 ± 3 °C for 18 h. Pure ZnO was also syn-
thesized according to this methodology. The procedure of preparing Nd
(OH)3-ZnO composite is briefly shown in Fig. 1.

2.2. Characterization of the composites

2.2.1. X-ray diffraction (XRD) and Rietveld refinemt
Crystal structure and phase of the composites were investigated by

X-ray diffraction (XRD) using a D/Max-2500PC diffractometer (Rigaku,
Japan) with Cu-Kα radiation source (λ = 1.5406 Å) in the 2θ range
from 5° to 80°. The XRD patterns were compared with the ICSD data-
base. The average crystallite size was determined from the ZnO (1 0 1)
crystal plane using the Scherrer’ formula with k equal to 0.9 [31]. The
Rietveld refinement was performed by using the general structure
analysis (GSAS) software using measured XDR patterns in the 2θ range
from 10° to 110° with a scanning rate of 0.01°/min.

2.2.2. Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDXS) and transmission electron microscopy (TEM)

The morphology and composition of the Nd(OH)3-ZnO were char-
acterized by scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDXS) and transmission electron microscopy

Fig. 1. The summarized procedure of preparing Nd(OH)3-ZnO composites.
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(TEM). SEM-EDXS analysis was carried out in a SEM microscope (FEI/
Philips, Model: XL-30, Netherlands) equipped with an EDXS analyzer
(Oxford, Model: Link ISIS 300, England). The sharpness of composites
was observed by TEM using a FEI Tecnai F20 (Netherlands) microscope
operating at 200 kV.

2.2.3. Fourier transform infrared (FT-IR) and Raman spectroscopy
The infrared vibrational bands of the Nd(OH)3-ZnO were identified

by Fourier transform infrared spectroscopy (FT-IR) in a spectrometer
(Spectrum 100, Perkin Elmer). The spectra were obtained from KBr
pellets containing 1 mg of composite and 100 mg of KBr in the region
between 400 and 4000 cm−1, using a resolution of 4 cm−1 and 8 ac-
cumulations.

The vibrational properties of the Nd(OH)3-ZnO composites were
also investigated by Raman spectroscopy in a FT-Raman spectrometer
(RFS/100/S Bruker, Germany) equipped with laser of Nd-YAG
(λ = 1064 nm) as excitation source and the laser power on the sample
was 10 mW. For the region comprised between 40 and 1400 cm−1, 30
scans with spectral resolution of 4 cm−1 were performed.

2.2.4. UV–Vis diffuse reflectance spectroscopy (DRS) and
photoluminescence (PL)

The optical properties of the Nd(OH)3-ZnO were characterized by
UV–Vis diffuse reflectance spectroscopy (DRS) and the analysis was
carried out in a spectrophotometer (Cary 5G Varian, United States),
programmed in diffuse reflectance mode, in the wavelength range of
200–800 nm. The band gap energy (Eg) was determined from the
Kubelka-Munk function: F(R) = (1−R)2/2R, where R is the diffuse
reflectance, and the Wood-Tauc plot: [F(R) × E]1/2 where E is the
energy of absorbed light, by extrapolation of the straight line to the
abscissa [32,33].

PL measurements were carried out at room temperature in a
Monospec 27 monochromator (Thermal Jarrel Ash, United States)
coupled to a R446 photomultiplier (Hamamatsu Photonics, Japan). As
excitation source, a krypton-ionlaser (Coherent Innova 90 K;
λ = 350.7 nm) with maximum output power of 200 mW was used. The
analyses were carried out with 25 mg of Nd(OH)3-ZnO.

2.2.5. Point of zero charge (pHPZC)
An adaptation of the Singh et al. [34] methodology was used to

determinate pHPZC of the Nd(OH)3-ZnO. The pH of NaCl solution
(50 mL, 0.01 mol L−1) was adjusted from 2 to 12 with NaOH (0.01 and
5 mol L−1) and HCl (0.01, 2.5 and 5% (v/v)) solutions in each batch.
After adjustment, 0.1 g of composite was added in each solution. The
dispersions remained for 24 h under stirring at 150 rpm, and then the
final pH of the solutions were measured using a pHmeter. The pHPZC

corresponds to the condition in which the initial pH of the solution did
not change in the presence of the composite (pHfinal = pHinitial). This
analysis was performed in triplicate and pHPCZ was expressed as an
average ± SD of these experiments.

2.2.6. Photocatalytic activity
The photocatalytic activity of the Nd(OH)3-ZnO composites on the

photocatalytic degradation of ciprofloxacin hydrochloride (CIP) was
evaluated. The experimental tests were carried out in a batch photo-
reactor (25 cm of diameter) with water-cooled in outer jacket
(T ≈ 25 °C) and magnetic agitation. Mercury vapor lamp (80 W, ECP)
without the glass cover (emitting preferably ultraviolet radiation) was
used as irradiation source, which was located at 15 cm from the surface
of the solution to be treated. The intensity of the UV light was measured
using an Apogee MU-200 radiometer and was determined to be
14 W cm−2.

In the experimental assays, a certain amount (0.1–1.9 mg L−1) of Nd
(OH)3-ZnO was dispersed in 350 mL of CIP solution (5–15 mg L−1) and
the dispersion was kept in the dark under stirring for 30 min. Then, the
light radiation was switched on and the reaction was carried out for

150 min. After regular time intervals, samples were collected, cen-
trifuged at 5000 rpm for 10 min and analyzed by UV–Vis spectro-
photometry (UV-1800 Shimadzu) between 200 and 400 nm. The pH of
the initial and final samples was also monitored. The efficiency of the
CIP degradation was calculated according to the following equation: E
(%) = 100 × (Cinitial − Cfinal)/Cinitial; for the maximum absorption
wavelength of CIP (276 nm). The kinetic data were adjusted by pseudo-
first-order Langmuir-Hinshelwood mechanism in the exponential form
[C/Ceq = exp(−kapt)] where: C is CIP concentration at time t; Ceq CIP
concentration in the equilibrium (after 30 min in the dark); kap ap-
parent first-order rate constant; and t irradiation time, using Origin
software. The experiments were performed in triplicate and kap was
expressed as an average ± SD of these results.

The 3-factor, 3-level Box-Behnken experimental design was em-
ployed to evaluated the influence of the independent variables (CIP
concentration at 5, 10 and 15 mg L−1, Nd content at 1, 3 and 5 wt%,
and composite concentration at 0.1, 1 and 1.9 mg L−1) on the apparent
first-order rate constant (dependent variable). The experimental data
were analyzed by nonlinear regression using a second-order polynomial
model that considers main, quadratic and linear–linear interactive ef-
fects of the parameters. The analysis of variance (ANOVA) with a 95%
confidence level (p < 0.05) was used to determine the adequacy of
model in the Statistica software.

2.2.7. Antimicrobial activity
The antimicrobial activity of Nd(OH)3-ZnO composites was in-

vestigated by the disk diffusion method according to NCCLS:M2-A8
methodology [35] against Escherichia coli Gram-negative (E. coli, ATCC
25922) and Staphylococcus aureus Gram-positive (S. aureus, ATCC 6538)
bacteria. In this method, each microorganism (approximately
1 × 106 CFU mL−1) was inoculated separately on sterile Petri-plates
(60x15 cm) containing Mueller Hinton agar broth. Filter paper discs
(6 mm in diameter) were moistened with sterile water and 8 mg of each
Nd(OH)3-ZnO composite were deposited on these discs, which were
then placed on the agar plates seeded with the microorganism. After
24 h of incubation at 36 ± 1 °C, the inhibitory action of Nd(OH)3-ZnO
composites on the growth of the E. coli and S. aureus bacteria was de-
termined by measuring inhibition zone. Sterile distilled water was used
as negative control and ciprofloxacin hydrochloride (5 μg 10 mL−1)
was used as positive control. The assays were performed in triplicate
and the diameter of the inhibition zone was expressed as an
average ± SD of these results.

To assess the solubility of the Nd(OH)3-ZnO composites in sterile
water (release of Zn+2 and Nd+3 ions), 1 g L−1 of each composite was
placed in sterile water and kept under stirring at 25 ± 3 °C. After 24 h,
a sample was collected, filtered through 0.45 μm syringe filters and
analyzed by total reflection X-ray spectrometry (TXRF). A portable
benchtop TXRF spectrometer (S2 PICOFOX, Bruker AXS Microanalysis
GmbH) was used and sample preparation was performed according to
the methodology presented by Espinoza-Quiñones et al. [36]. This test
was performed in triplicate and the average value was used.

3. Results and discussion

3.1. XRD analysis

Nd(OH)3-ZnO composites showed sharp and well-defined diffrac-
tion peaks as can be visualized in the XRD patterns (Fig. 2), indicating a
good degree of structural symmetry at long-range distances [37]. Thus,
the method used in the synthesis of composites was efficient to syn-
thesize structured materials with good degree of purity and symmetry
without the need for heat treatment at high temperatures and addition
of additives/surfactants in a relatively short time. The pure ZnO present
hexagonal crystalline structure, according to the JCPDS card no. 36-
1451 identified in the Fig. 2.A. With an addition of Nd to form the
composites, Nd(OH)3 in the hexagonal phase was observed (JCPDS card
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no. 83-2035). The interaction of ZnO and Nd(OH)3 promoted a slight
shift in the diffraction angle of the three major peaks of the ZnO to-
wards lower angles (insert in Fig. 2, Table 1). This behavior may be
associated with the change in the crystallinity and morphology that
provokes alteration in the tensile stress of the crystalline lattice
(Table 1).

Fig. 2.B shows the Rietveld refinement plots of the XRD patterns for
all Nd(OH)3-ZnO samples. The results obtained by employing the
Rietveld method are summarized and presented in Table 1. The fitting

parameters (Rbragg and 2ϴ) indicate good agreement between the XRD
patterns calculated and observed for the as-prepared Nd(OH)3-ZnO
composites in this study. Moreover, the lattice parameters (a, b, c) and
volume (V), which were estimated from the refinement, confirmed the
hexagonal structure of the ZnO and Nd(OH)3, and are in good agree-
ment with the values reported in the literature. It can be observed that
with the insertion of Nd and the consequent formation of the compo-
sites, there is a decrease of the lattice parameters, a, b and c, for the ZnO
and Nd(OH)3 and that they do not modify significantly with the

Fig. 2. XRD patterns of the (A) Nd(OH)3-ZnO composites which (a) ZnO, (b) 1Nd(OH)3-ZnO, (c) 3Nd(OH)3-ZnO, (d) 5Nd(OH)3-ZnO and (*) Nd(OH)3; (B) Rietveld
refinement plots.
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increase in the percentage of Nd. According to the literature [22,38,39],
the composite formation can cause change in crystal growth orientation
and distortion or expansion in the crystal lattice can be sensed.

The results show that a composite was formed by mixing Nd(OH)3
and ZnO. Moreover, the real percentages of Nd(OH)3 on the 1Nd(OH)3-
ZnO, 3Nd(OH)3-ZnO, and 5Nd(OH)3-ZnO are near to zero %, 2.3% and
5%, respectively. The differences in real and theoretical concentrations
observed for the sample containing 1% Nd can be assigned to the low
resolution of the software GSAS, used to perform the Rietveld refine-
ment and also the small amount of Nd(OH)3 on the composites.

3.2. SEM-EDXS and TEM analyses

Fig. 3 shows the SEM and TEM image, particle size distribution and
EDSX spectrum of the Nd(OH)3-ZnO composites. Observing the SEM
and TEM image of the 1Nd(OH)3-ZnO (Fig. 3.A, D), 3Nd(OH)3-ZnO
(Fig. 3.E, H) and 5Nd(OH)3-ZnO (Fig. 3.I, L), respectively, two types of
morphology can be evidenced. A three-dimensional morphology ana-
logous to an arrangement of flowers with hexagonal microrods (c-axis
growth) with an extremity of six-fold pyramidal geometry piled up
closely emerging from a center, which was attributed to ZnO and can be
well visualized in Fig. 3.I. This result is consistent with the literature
[6,40,41]. The other structure related to Nd(OH)3 presents irregularly
spherical shape and as the Nd content increased, the formation of more
agglomerates was observed. This result differs from those presented in
the literature [15,42–44], which showed that Nd(OH)3 particles syn-
thesized by hydrothermal route generally present microrod or nanorod-
like morphology. Thus, the influence of the synthesis method on the
morphology of the particles is evident.

According to the micrographs and size distribution graphs (Fig. 3. B,
F and J), three different situations were observed for the size of the
composites in this study. In the 1Nd(OH)3-ZnO sample the particles are
mostly nanometric, with an average size in the range of 20–100 nm,
which corresponds to approximately 80% of the total number of counts.
For the 3Nd(OH)3-ZnO sample, the nanometric particles correspond to
65% of the total, with sizes ranging from 20 to 240 nm. In the 5Nd
(OH)3-ZnO composite an average size between 100 and 120 nm was
observed, of the total, only 35% of the particles are considered nano-
metric. By analyzing these results, it can be stated that the increase of
Nd(OH)3 content promoted an increase in particle size, which conse-
quently altered flower formation by nanorod coupling. This increase in
particle size correlates with the reduction in crystallinity as identified
by XRD (Fig. 2 and Table 1). Although the morphology of ZnO in the
composites was similar to those observed by Avci et al. [6], Chen et al.
[40] and Byzynski et al. [41] that obtained 3D flowerlike ZnO micro-
structures with average size of 4–5 μm, 2–3 μm and 1.2–1.7 μm re-
spectively, the Nd(OH)3-ZnO composites presented much smaller
average size (0.2–0.3 μm).

EDXS analysis (Fig. 3.C, G, K) carried out on the composites

revealed the presence of Zn, O and Nd in the samples and although this
analysis is semi-quantitative, the Nd content estimated was 0.29, 3.08
and 4.05% to 1Nd(OH)3-ZnO, 3Nd(OH)3-ZnO and 5Nd(OH)3-ZnO, re-
spectively. These values are close to those obtained by refinement
Rietveld. The difference between real and theoretical content is due to
the irregular dispersion of Nd(OH)3 in the composite, as can be seen in
Fig. 3.D, H, L. The result for 3Nd(OH)3-ZnO can also be attributed to the
lower percentage of oxygen in the material caused by the release of
oxygen bonds with their cationic atom [45].

3.3. FT-IR and Raman analyses

The FT-IR and Raman spectra of the Nd(OH)3-ZnO composites can
be visualized in the Fig. 4. The Nd(OH)3-ZnO samples presented a band
at 487 cm−1, which is attributed to formation of Zn-O bond, bands at
407 and 680 cm−1 referring to the vibration of the Nd-O bond and the
sharp peak at 3608 cm−1 representing the OH of Nd(OH)3 (Fig. 4.A).
The increase in the Nd content made the last three bands more intense.
These results are consistent with the literature [46,47]. All samples
showed a broad band between 3434 and 3448 cm−1 and the band at
1634 cm−1, which are attributed to the O-H stretching of adsorbed
water and water deformation (H-O-H), respectively [46,48]. It was also
possible to verify the bands at 882, 1385 and 1496 cm−1 coming from
the precursor (nitrate) used in the composites synthesis. The symme-
trical vibration of the NO bond of the NO2 group is observed at
1385 cm−1, whereas the bands at 882 and 1496 cm−1 are referential to
the stretching of the π bonds of the N-O linkage and to the asymmetric
vibration of the NO bond of the NO2 group, respectively [49,50]. The
bands at 882 and 1496 cm−1 were more pronounced in the composites
than in the ZnO, while the band at 1385 cm−1 was higher for ZnO.

ZnO is a semiconductor with wurtzite crystal structure, with space
group C6v

4 , and two formula units per primitive cell, where all atoms
occupy C3v sites. The Raman active zone-center optical phonons pre-
dicted by the group theory are A1 + 2E2 + E1. The polar phonons,
symmetry A1 and E1, exhibit different frequencies for the transverse-
optical (TO) and longitudinal-optical (LO) phonons, whilst symmetry
E2, nonpolar phonon, displays two frequencies, one related to oxygen
atoms, E2 (high), and the other related with Zn sub-lattice, E2 (low). Nd
(OH)3-ZnO composites were found to have Raman spectra at room
temperature (Fig. 4.B) similar to that of pure ZnO. The narrow strong
band at 433.04 cm−1 refer to the E2H Raman-active phonon mode. The
bands at 327.66 and 374.40 cm−1 can be attributed to the 3E2H-E2L and
A1 (TO) phonon modes respectively, the latter mode indicates the
presence of some structural degree of disorder in the ZnO network at
short range. The bands at 531.61 and 580.05 cm−1 are contributions of
the E1(LO) and A1(LO) phonon modes, respectively, which are asso-
ciated to the interstitial defects and oxygen vacancy in the ZnO lattice
[51,52]. The band at 1047.88 cm−1 is attributed to multiple phonon
scattering processes – A1(TO) + E1(TO) + E2L second order phonon

Table 1
Results obtained from Rietveld Refinements of Nd(OH)3-ZnO composites and ZnO.

Materials 2θ Crystallinity (%) Crystal size
(nm)2

ZnO Nd(OH)3 RBragg (%) Χ2 (%) Wt fraction

a (Å) b (Å) c (Å) V (cm3) a (Å) b (Å) c (Å) V (cm3) ZnO Nd(OH)3

ZnO 36.33 83.8 32.33 3.26267 3.26267 5.22728 48.190 – – – – 0,0807 5.890 – –
1Nd(OH)3-

ZnO
36.34 83.6 32.31 3.25363 3.25363 5.21241 47.787 – – – – 0,0598 6.383 1 –

3Nd(OH)3-
ZnO

36.32 82.4 32.19 3.25256 3.25256 5.21139 47.746 6.442 6.442 3.7454 134.59 0,0987 5.794 0.97701 0.02299

5Nd(OH)3-
ZnO

36.28 80.2 32.76 3.25149 3.25149 5.21005 47.702 6.4398 6.4398 3.7461 134.54 0,0802 7.721 0.97976 0.05024

Literature (I,
II)1

– – – 3.2542 3.2542 5.201 47.7 6.437 6.437 3.747 134.46 – – – –

1 I: ICSD (ZnO): 181731; II: ICSD (Nd(OH)3): 167,482.
2 Calculated by the Scherrer equation with k = 0.9 to the (1 0 1) diffraction peak.
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mode [53] – disappeared in the Nd(OH)3-ZnO samples due to the hy-
droxide-oxide interaction that promoted the lattice structure disorder.
According to the literature [15,28], Nd(OH)3 shows the A1g, E2g and E1g
Raman-active vibrations around 216–294, 351–365 and
472–544 cm−1, respectively. These modes are not observed on the
spectral due to the low amount of Nd(OH)3 or the overlap with the ZnO
modes.

3.4. DRS and PL analyses

The UV–Vis diffuse reflectance spectra of the Nd(OH)3-ZnO com-
posites and pure ZnO (Fig. 5) showed three and two distinct regions
respectively. A weak absorption region up to 360 nm, an absorption
edge region between 360 and 415 nm corresponding to the band-band
transition with energy between 3.0 and 3.3 eV, and a strong absorption
region located from 415 to 800 nm, due to the presence of rare earth Nd
(the pure ZnO does not show absorption in this region). The band gap
energy of the Nd(OH)3-ZnO composites is close to the value obtained by

Fig. 3. SEM image, particle size distribution of each composite, EDSX spectrum and TEM image of the (A, B, C, D) 1Nd(OH)3-ZnO, (E, F, G, H) 3Nd(OH)3-ZnO and (I,
J, K, L) 5Nd(OH)3-ZnO, respectively. Inset part in figure was the magnification of SEM image.
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Sin et al. [26] for ZnO/Nd-BiOBr composite (3.11 eV).
In the region above 400 nm, there were only bands (525, 575–583

and 735–753 nm) that correspond to the intra-configurational (4f3)
transition of Nd+3 starting from the 4I9/2 ground state configuration to
2K13/2 + 4G7/2, 2G7/2 + 4G5/2 and 4S3/2 + 4F7/2 + 2H9/2 lowest-energy
multiplet manifolds, respectively [46,54]. The greater the amount of Nd
the higher the bands intensity in the visible region, but the format re-
mained. According to Dhamale et al. [46], this similarity of the spectra
occurs because the f-orbital electrons of Nd+3 that participate in the
transition are not affected by the neighboring atoms. This result is si-
milar to those obtained by Sin et al. [55] and Chandran et al. [56] and
confirms that Nd(OH)3-ZnO composites also absorb visible light and
can be promising photocatalysts for application in visible light photo-
catalysis.

The PL emission spectra of the ZnO and Nd(OH)3-ZnO composites
are shown in the Fig. 6. In general, ZnO presented the highest signal of
PL emission and the increase on the Nd content reduced the PL intensity
of the composites (Fig. 6.A). The high PL intensity indicates that the
synthesis method generated materials with an optimum structural order
degree. The reduction of the PL signal in the Nd(OH)3-ZnO indicates
that there is a greater number of free electron-hole pairs due to the
inhibition of the recombination rate in the composites. Neodymium
caused this inhibition due to the generation of more crystal defects,
such as oxygen and zinc vacancies and interstitial oxygen [38,52] as

Fig. 4. Spectra of (A) FT-IR and (B) Raman of the Nd(OH)3-ZnO composites,
which (a) ZnO, (b) 1Nd(OH)3-ZnO, (c) 3Nd(OH)3-ZnO and (d) 5Nd(OH)3-ZnO.

Fig. 5. UV–Vis DRS absorption spectra with insertion of band gap energy of the
Nd(OH)3-ZnO composites which (a) ZnO, (b) 1Nd(OH)3-ZnO, (c) 3Nd(OH)3-
ZnO and (d) 5Nd(OH)3-ZnO.

Fig. 6. Emission spectra of the (A) Nd(OH)3-ZnO composites which (a) ZnO, (b)
1Nd(OH)3-ZnO, (c) 3Nd(OH)3-ZnO and (d) 5Nd(OH)3-ZnO at room tempera-
ture; (B) Gaussian de-composed PL spectrum of the 5Nd(OH)3-ZnO.
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also evidenced in Raman analysis (Fig. 4.B), where the band at 531.61
and 580.05 cm−1 are associated to the interstitial defects and oxygen
vacancies. Moreover, this result is in agreement with the literature [24].

Based on the Gaussian de-composed PL spectra, ZnO showed three
peaks centered at 537 nm (green region), 597 nm (yellow region) and
662 nm (red region), which can be attributed to intrinsic defects such as
interstitial oxygen [53], doubly positively charged oxygen vacancies
(VO

++) [30] or interstitial oxygen vacancies [24]. As Nd(OH)3-ZnO
composites had similar Gaussian de-composed PL spectra, only 5Nd
(OH)3-ZnO spectrum was shown in the Fig. 6.B. The Nd(OH)3-ZnO
composites spectra showed five peaks centered around 530, 560, 605,
610 and 642 nm that correspond to two green emissions, two orange
emissions and one red emission, respectively. It is known that these
emissions in the visible region are attributed to impurities such as in-
trinsic defects such as interstitial oxygen [53], singly charged oxygen
vacancies (VO

+) [30], zinc vacancies [24] deep level defects [57] and
radiative recombination between delocalized electron and hole in the
oxygen interstitials and oxygen and zinc anti-sites [53].

The red emission presented the highest shift as a function of the Nd
content (756, 661 and 642 nm for 1Nd(OH)3-ZnO, 3Nd(OH)3-ZnO and
5Nd(OH)3-ZnO, respectively). This red shift may occur due to lattice
distortion, deep defect points and charge carriers that usually occurs in
oxygen-rich materials [24,57], as well as crystal defects generated
during the synthesis [10,58]. Other factors may be related to changes in
PL emission spectra, such as morphology and particle size difference
and interaction between ZnO and Nd(OH)3 as evident by the SEM and
TEM image (Fig. 3).

3.5. Point of zero charge (pHPZC)

The point of zero charge represents the condition in which the
electrical charge density on material surface is zero. When the solution
pH is lower than pHPZC, the catalyst surface is positively charged and
the electrostatic forces favor the anions adsorption. Cation adsorption is
favored when the solution pH is higher than pHPZC because in this
condition, the surface of the catalyst is negatively charged [34,59]. The
increase of the Nd content did not affect the pHPZC of the Nd(OH)3-ZnO
composites, only the interaction between Nd(OH)3 and ZnO shifted the
pHPZC to higher pH values (8.3 ± 0.3) in relation to pure ZnO
(7.5 ± 0.3), indicating that the Nd(OH)3-ZnO samples will be posi-
tively charged in a higher pH range. The difference of pHPZC between
composites and ZnO may be related to differences in coordination of
-O− and -OH sites to cations, higher amount of surface adsorbed hy-
droxyls and oxygen vacancies [60] as observed in the FTIR (Fig. 4.A)
and PL (Fig. 6) analyses.

3.6. Photocatalytic activity

The photocatalytic activity of the Nd(OH)3-ZnO composites was
evaluated on the degradation of the ciprofloxacin hydrochloride (CIP)
and from the degradation profile, the apparent first-order rate constant
(kap) and degradation efficiency of CIP (E%) were determined for each
of the assays (Table 2). The composites showed high photocatalytic
activity with degradation efficiency greater than 80% and kap between
0.012 ± 0.001 and 0.044 ± 0.001 min−1, depending on the opera-
tional condition used.

From the Box-Behnken experimental design, the linear-linear in-
fluence of parameters like catalyst concentration (0.1, 1 and
1.9 mg L−1), Nd content (1, 3 and 5%) and CIP concentration (5, 10 and
15 mg L−1) on the CIP photocatalytic degradation was evaluated and
the apparent first-order rate constant can be predicted using equation
(1)

= + +

− − −

− +

x x

x x x

x x x x

k 0.032960 0.02483 [Cat] 0.000535 [CIP]

0.003870 [Cat] 0.000145 [CIP] 0.007875 [%Nd]

0.000778 [Cat] [CIP] 0.000525 [CIP] [%Nd]

ap

2 2

(1)

The terms with positive and negative signals in the Equation (1)
favor and disfavor the reaction rate, respectively, and the catalyst
concentration was the most influential term. The values of kpred
(Table 2) were very close to the kap determined experimentally, in-
dicating that the model predicts well the experimental data.

The adequacy of the model was evaluated by analysis of variance
(ANOVA) and the results are found in Table 3. As the R2 and Adj-R2

values were high and close to 1 (0.994 and 0.988, respectively) and the
difference between them was less than 20%, this indicates significance
of the model [61,62]. The value of Fisher's F test (Fmodel = 163.1317)
with a very low probability value (pmodel = 0.000014) was higher than
the critical F value (F(0.05,7,2) = 19.35), indicating the adequacy of the
quadratic model used to represent the data. As the value of lack of fit
was non-significant (p > 0.05), the quadratic model was valid [62],
but it is far from the maximum point (optimal condition). This is not a
problem in this study because no optimization was carried out, only the
evaluation of the effect of each parameter on the apparent first-order
rate constant, proving that the Nd(OH)3-ZnO composites have photo-
catalytic activity.

The parameters effects on the apparent first-order rate constant can
be understood from response surface methodology (RSM). The 3D plots
in the Fig. 7 were constructed based on the quadratic model for CIP

Table 2
Results of photocatalytic tests according to Box-Behnken design.

[CAT]
g L−1

%Nd [CIP]
mg L−1

E1 (%) kap2 (min−1) R2 kpred3 (min−1)

0.1 3 5 89 0.018 ± 0.001 0.968 0.018 ± 0.001
1.9 3 5 99 0.041 ± 0.002 0.987 0.042 ± 0.002
0.1 3 15 82 0.010 ± 0.001 0.979 0.010 ± 0.001
1.9 3 15 94 0.019 ± 0.001 0.986 0.020 ± 0.001
0.1 1 10 94 0.023 ± 0.001 0.977 0.023 ± 0.001
1.9 1 10 98 0.041 ± 0.002 0.989 0.040 ± 0.002
0.1 5 10 85 0.012 ± 0.001 0.964 0.012 ± 0.001
1.9 5 10 98 0.029 ± 0.001 0.995 0.029 ± 0.001
1.0 1 5 99 0.044 ± 0.001 0.995 0.044 ± 0.001
1.0 1 15 91 0.017 ± 0.001 0.994 0.018 ± 0.001
1.0 5 5 97 0.024 ± 0.001 0.997 0.023 ± 0.001
1.0 5 15 93 0.018 ± 0.001 0.993 0.018 ± 0.001
1.0 3 10 98 0.028 ± 0.001 0.997 0.029 ± 0.001
1.0 3 10 99 0.028 ± 0.001 0.995 0.029 ± 0.001
1.0 3 10 99 0.030 ± 0.001 0.997 0.029 ± 0.001

1 E = Efficiency of degradation.
2 kap = Apparent first-order rate constant determined experimentally

(average value ± SD).
3 kpred = Apparent first-order rate constant calculated by the model equation

(average value ± SD).

Table 3
Analysis of variance (ANOVA) for the CIP degradation using Nd(OH)3-ZnO
composites.

Source Sum of squares df Mean squares F-value p-value

Model 0.001523 7 0.000217 163.1317 0.000014
(1) [Cat] (L + Q) 0.000598 2 0.000299 224.1078 0.004442
(2) [CIP] (L + Q) 0.000545 2 0.000273 204.4471 0.004867
(3) %Nd (L) 0.000221 1 0.000221 165.3750 0.005993
1*2 0.000049 1 0.000049 36.7500 0.026148
2*3 0.000110 1 0.000110 82.6875 0.011879
Residual 0.000009 7 0.000001
Lack of Fit 0.000006 5 0.000001 0.9212 0.594074
Pure Error 0.000003 2 0.000001
Total SS 0.001526 14

R2 = 0.994; Adj-R2 = 0.988; F(0.05,7,2) = 19.35.
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concentration as a function of the catalyst concentration to 1Nd(OH)3-
ZnO and %Nd as a function of the catalyst concentration to 5 mg L−1 of
CIP. As expected, according to the literature [63,64], the CIP con-
centration had a negative effect on the apparent first-order rate con-
stant (kap), and it was faster to degrade diluted solutions (Fig. 7.A). The
near circular contour of the lines in this plot suggested an interactive
influence between CIP and catalyst concentration on the kap. The in-
crease in the catalyst concentration favored kap (Fig. 7.A and B), which
is related to the increase in the number of active sites on the catalyst
surface [63]. However, the optimum range is around 1.9 g L−1 because
concentration much higher than this can promote reduction of kap due
to the reduction of light penetration caused by excess catalyst particles
[64].

The Nd content showed little influence with higher kap values for
1Nd(OH)3-ZnO composite (Fig. 7.B). Almost parallel contour lines
along the %Nd coordinate suggested no significant interaction between
the %Nd and catalyst concentration on the kap. The higher efficiency of
1Nd(OH)3-ZnO can be attributed to its characteristics: higher crystal-
linity (Table 2), smaller crystallite size and particle width (Figs. 2 and
3), band gap energy close to ZnO (Fig. 5) and lower recombination rate
compared to ZnO (Fig. 6). Thus, to obtain a rapid degradation of CIP it
is necessary to work in low concentrations of CIP and Nd content and in
high concentrations of catalyst, establishing within the studied range:
5 mg L−1 of CIP, 1Nd(OH)3-ZnO and 1.45–1.9 g L−1 of catalyst.

As it was verified that the lowest Nd content promoted the best
results, tests with pure ZnO were performed to evaluate the synergistic
effect between Nd(OH)3 and ZnO in the composite. For 5 mg L−1 of CIP
and 1.0, 1.45 and 1.9 g L−1 of catalyst, ZnO showed kap of
0.024 ± 0.001, 0.041 ± 0.001 and 0.048 ± 0.002 min−1, respec-
tively. These values are lower than those presented by 1Nd(OH)3-ZnO
(0.044 ± 0.001, 0.051 ± 0.001 and 0.053 ± 0.002 min−1), in-
dicating that the Nd(OH)3-ZnO composites have higher photocatalytic
activity than pure ZnO. This confirms the synergistic effect between Nd
(OH)3 and ZnO due to its higher pHPZC value and the inhibition of the
recombination rate and consequent increase in the number of free
electron-hole pair in the composite (Fig. 6). The kap value for 1Nd
(OH)3-ZnO composite is higher than those observed by Azadi et al. [23]
and Sin et al. [26] when using ZnO-Ag-Nd nanocomposite and ZnO/Nd-
BiOBr composite in the phenol (0.0332 min−1) and Acid red 18 dye
(0.0363 min−1) degradation.

These results of Nd(OH)3-ZnO composites are associated to reactive
species formed during the photodegradation that can be used by the
reaction mechanism. Pure ZnO is an n-type semiconductor with a cer-
tain density of oxygen vacancies. These vacancies produce holes that
interact with water molecules resulting in hydroxyl radicals (%OH), and
protons. On the other hand, due to electroneutrality, the semiconductor
produces electrons that interact with oxygen, which in turn neutralize
interacting with the proton, giving rise to the peroxide radical (%O2H).
With the formation of the Nd(OH)3-ZnO composite, the presence of Nd
(OH)3 in the composite causes an increase in oxygen vacancies (VO

+)
density and consequently zinc vacancy density, favoring the formation
of more hydroxyl radicals (VO

+ + h+ → VO
++ + OH− →

VO
+ + %OH). In addition, another step involved in the degradation

mechanism may be associated with greater efficiency in electron-hole
charge separation, which slows down recombination processes, al-
lowing active species formed in solution to remain free longer. The
contributions of both steps favor the increase of photocatalytic activity
of Nd(OH)3-ZnO composites. These two radicals oxidize organic mate-
rials in water and carbon dioxide [65,66]. A simplified illustration of
the possible mechanism of CIP photocatalytic degradation can be vi-
sualized in the Fig. 8 (mechanism A).

3.7. Antimicrobial activity

The antimicrobial activity of the Nd(OH)3-ZnO composites was in-
vestigated against Escherichia coli Gram-negative and Staphylococcus
aureus Gram-positive bacteria. The diameter of the inhibition zone that
represents the inhibitory action on the growth of the bacteria was used.
The Nd(OH)3-ZnO composites have antimicrobial activity against both
microorganisms as can be seen from Table 4; however, E. coli was more
resistant to composites than S. aureus due to the structure and com-
position of cell wall. While E. coli has an external lipopolysaccharide
layer that protects the peptidoglycan layer, S. aureus has a simpler
structure, only one outer peptidoglycan layer, which facilitates the
penetration of external molecules that will cause intracellular oxidative
stress, damage and destruction of the cell cytoplasm, accelerating the
death process of the microorganism [67,68]. Zanet et al. [69] also ob-
served higher inhibition zone for S. aureus (0.8 ± 0.01 cm) compared
to E. coli (0.7 ± 0.01 cm) using 1 g L−1 of ZnO nanoparticles.

It was also observed in Table 4 that the antimicrobial activity of the
Nd(OH)3-ZnO composites was higher than that of ZnO, evidencing a
synergistic effect between Nd(OH)3 and ZnO in these materials, and
there was a reduction in the inhibition zone with the increase of Nd
content. Among the evaluated materials, 1Nd(OH)3-ZnO composite
presented the highest antimicrobial activity (1.5 ± 0.1 cm for E. coli
and 1.8 ± 0.1 cm for S. aureus) due to its particle size, mostly nano-
metric with an average size in the range of 20–100 nm (Fig. 3). The
neodymium compounds, as with all rare earth metals, are of low to
moderate toxicity for humans but toxic against microorganisms.

The inhibitory action of Nd(OH)3-ZnO composites on the

Fig. 7. 3D plots for (A) CIP concentration as a function of the catalyst con-
centration to 1Nd(OH)3-ZnO and (B) %Nd as a function of the catalyst con-
centration to 5 mg L−1 of CIP.
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antibacterial growth can be attributed to three mechanisms [70–72], in
this order of contribution: (1) Direct interaction between Nd(OH)3-ZnO
particles and microorganism by attachment of particles to the cell
membrane due to electrostatic interaction that internalize and damage
the microbial cell. This mechanism is favored by the smaller particle
size (20–100 nm) of the 1Nd(OH)3-ZnO composite, as shown in Fig. 3,
mostly nanometric (80%), since the smaller the particle size the greater
the antimicrobial activity [73,74] and also by its surface charge that
promotes electrostatic interaction. (2) Release of Zn+2 and Nd+3 ions
that can easily penetrate into the cell wall and leads to microbial death.
TXRF analysis results showed that the solubilization of the Nd(OH)3-
ZnO composites is low in sterile water with 0.22–0.23% Zn+2 and
0.10–0.15% Nd+3 leaching. Gilbertson et al. [75] and Baek et al. [76]
showed that the toxicity of CuO and ZnO particles against Gram-posi-
tive and Gram-negative bacteria was much higher than the toxicity of
Cu+2 and Zn+2 ions, respectively. Thus, antimicrobial activity of Nd
(OH)3-ZnO composites against E. coli and S. aureus may be due to
particle toxicity rather than ions. (3) Attack of reactive oxygen species
(ROS), causing damage to cell wall, leakage of minerals, protein and
genetic material and consequent cell death. According to the literature
[72,75], the particles demonstrate lower antimicrobial activity in the
dark than in the presence of light, and as the antimicrobial assays in this
study were performed in the absence of light, it is believed that the
contribution of ROS on the antimicrobial activity of Nd(OH)3-ZnO
composites is smaller compared to other mechanisms. A simplified il-
lustration of this disinfection mechanism can be visualized in the Fig. 8
(mechanism B).

4. Conclusion

Nd(OH)3-ZnO composites synthesized in this study are constituted

by two phases, hexagonal wurtzite crystalline structure of the ZnO and
hexagonal crystalline structure of the Nd(OH)3, and have vibrational
bands characteristic of the Zn-O, Nd-O and Nd-OH bonds, photo-
luminescence properties, band gap energy between 3.17 and 3.26 and
pHPZC of 8.3 ± 0.3. 1Nd(OH)3-ZnO composite has particles mostly
nanometric with an average size in the range of 20–100 nm and due to
this, a greater photocatalytic and antimicrobial activity was observed
with this material, confirming the synergistic effect between Nd(OH)3
and ZnO in the composites. The advantages of Nd(OH)3-ZnO compo-
sites are easy preparation, no additives, no heat treatment and photo-
luminescence, photocatalytic and antimicrobial characteristics.
Therefore, this study showed that it is possible to prepare structured
materials combining neodymium hydroxide and zinc oxide with spe-
cific characteristics such as crystalline structure, photoluminescence
and high photoactivity and antimicrobial activity. Thus, Nd(OH)3-ZnO
composites can be used as luminescent materials, photocatalyst and
antibacterial agent.
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