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A B ST R AC T
Here, we successfully developed the undoped, Ni2+, Cu2+, and Zn2+ doped
Zirconia nanoparticles (ZrO2 NPs) by a simple co-precipitation method
at room temperature. The synthesized materials were characterized by
various physicochemical measurement techniques to investigate their
structure, morphology, and size of the particles. The bandgap energy
values of doped and undoped ZrO2 NPs were estimated using optical
absorption spectroscopy, which were found to be in the range of 4.1-4.4
eV. The UV (304-352 nm) and visible (402-415 nm) emissions and the
oxygen vacancies and band gap of the particles were investigated through
PL analysis. The structure, morphology, and well-dispersed particles
with the size in the range of 10-40 nm of the prepared ZrO2 NPs were
deliberated by SEM and TEM analyses. The Zr–O stretching vibration and
Zr–O–Zr bending vibrations were confirmed through FTIR analysis. The
catalytic reduction of 4-nitrophenol (4-NP) using NaBH4 as a reducing
agent was studied by the prepared doped and undoped ZrO2 NPs. The
efficient catalytic activity was observed in the presence of Cu2+ doped
ZrO2 NPs than the Zn2+, Ni2+ doped and undoped ZrO2 NPs due to the
small size and large surface area of the particles. The results showed 97%
conversion of 4-NP to 4-aminophenol (4-AP) within 90 min, and a stability
up to 5 consecutive recycles.
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INTRODUCTION
In recent times, the urgent need to develop clean
and green chemical process is inevitable in order
to circumvent the environmental concerns [1].
Due to the continuous increase in industrialization,
the release of hazardous pollutants generates
bad impact on environment and human being.
Among these hazardous pollutants, aromatic
nitro compounds are life-threatening substances
due to their noxious and mutagenic nature [1].
Aromatic nitro compounds are the main organic
effluents from the wastewater of industries and
agricultural waste. Generally, waste water contains
* Corresponding Author Email: ashokdou@gmail.com

p-nitrophenol (4-NP), which is highly toxic and
carcinogenic in nature and also causes harmful
effect on the ecosystem. Introduction of 4-NP in
the human body decreases oxygen storage capacity
of blood, causing methaemoglobinaemia and
several other chronic diseases [2-3]. In contrast,
4-AP is an important feedstock for the synthesis
of various analgesic and antipyretic drugs in
pharmaceuticals. Para-aminophenol obtained
from 4-NP reduction is an important intermediate
for the synthesis of paracetamol and also other
much more valuable chemicals for the synthesis
of dyestuffs, photographic chemicals, polymer,
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surfactant, corrosion inhibitor and anti-corrosion
lubricant [4-6].
Metal and metal oxide nanoparticles bear
unique, intriguing, and versatile electronic,
optical, and catalytic properties. They have been
extensively studied by researchers in the field of
chemical catalysis, organic synthesis, and electroanalytical reaction since last few decades [7-10].
Much research has been focused on the catalytic
reduction of organic molecules, based on the
high chemical activity for the chemolysis of
environmental pollutants [11]. More exclusively, the
application of metal and metal oxide nanoparticles
as catalysts to reduce nitro compounds into
amines is acknowledged universally due to their
proficient catalytic activity in aqueous media.
For example, Wang et al. have demonstrated that
Au nanoparticles decorated on N-containing
polymer spheres are highly active in the reduction
of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
[12]. Feng et al. fabricated the Pt-Au dendrite with
a highly branched nanostructure supported on the
graphene oxide and studied their catalytic activity
[13]. Chen et al. reported that the synergistic
interaction between Au and Pd nanoparticles
in a nanosheet graphene support the facilitated
reduction of 4-NP [14]. However, widespread
applications of such noble metal catalysts are
severely limited due to their high costs. In the
interim, low cost, relatively high abundance, and
nontoxic nature of ZrO2-based nanoparticles make
them potential alternatives to the various metals
for the catalytic applications. Recently, ZrO2 based
composites have been successfully synthesized and
utilized for the efficient reduction of 4-NP [15-16].
Wide bandgap semiconductors like ZnO,
Ag2S, TiO2, ZnS, SiO2, CdS, Bi2S3, and ZrO2 are
well-suited catalysts for the abatement of water
pollution [15-23]. Among these wide band gap
semiconductors, the metallic ZrO2 nanoparticles
have been received significant attention because of
their various potential applications [24], and also
play a significant role in catalysis research because
of their high surface to volume ratio [25]. ZrO2 is
an n-type semiconductor with a bandgap of ~5
eV showing a very good catalytic performance
under UV light irradiation [25]. At atmospheric
pressure, ZrO2 has three different types of
crystalline structures: monoclinic (< 1170°C),
tetragonal (between 1170 oC to 2370 oC) and cubic
(> 2370 oC). Moreover, it has different infrared
frequencies for cubic (480 cm-1), tetragonal (435
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cm-1) and monoclinic (270 cm-1) structures.
This indicates that the optical phonon energy of
ZrO2 depends on the crystalline structures [25].
Generally, the applications of ZrO2 nanoparticles
strongly depend on the crystalline structure and
the phase transformations. Furthermore, there
are different techniques to synthesize ZrO2 NPs
[26-32]. Duran et al. also reported the synthesis of
m-ZrO2 nanopowder using a ball-milling-assisted
hydrothermal technique [32]. Taguchi et al.
prepared single phase, m-ZrO2 nanocrystals under
subcritical hydrothermal conditions [33]. Lee et al
reported the microstructure of Y2O3-doped ZrO2CeO2 composite NPs with a tetragonal crystalline
phase [27]. However, it is a non-toxic, eco-friendly
material, with greater thermal and chemical
stability, and cost-effectiveness.
Herein, we have synthesized Cu2+, Ni2+, Zn2+
doped and undoped ZrO2 NPs through a simple,
fast, high yielding and easy to purify the particles
using the co-precipitation method. The synthesized
ZrO2 NPs were characterized using UV-Vis DRS,
FTIR, XRD, PL, SEM, and TEM techniques. The
effect of undoped and doped ZrO2 NPs in the
catalytic reduction of 4-NP to 4-AP has been
investigated in detail. It was found that the presence
of dopants significantly improves the catalytic
performance of ZrO2 in the 4-NP reduction than
the undoped ZrO2 NPs due to the doping effect
of metal ions leading to an increase in number of
active sites on the surface area. The present study
may utilize in the removal of aqueous pollutants in
a cleaning of environmental pollution as well as in
industrial applications.
EXPERIMENTS
Materials and Methods
All the materials were obtained from commercial
suppliers and used without further purification.
The double distilled water used as a solvent for the
preparation of stock solutions. The precursors used
for the synthesis of doped and undoped ZrO2 NPs
were Zirconyl chloride octahydrate (ZrOCl2·8H2O)
purchased from Sigma-Aldrich and ammonium
hydroxide solution (NH4OH), nickel acetate,
copper acetate, and zinc acetate were purchased
from Merck chemical, India.
Synthesis of undoped ZrO2 nanoparticles
In a typical synthesis, 0.05 M of Zirconyl
chloride octahydrate was dissolved in 100 ml
of double distilled water, to which the NH4OH
Nanochem Res 4(1): 43-54, Winter and Spring 2019
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solution was slowly added, and stirred rapidly
while maintaining a pH of 10. The above-prepared
solution was moved into a reaction vessel which
is present on the magnetic stirrer at 5000 rpm
speed and 2 hours for the continue stirring at 60
o
C after which it was allowed to cool down to room
temperature. The product was centrifuged, washed
with distilled water and acetone several times, dried
at 90°C and calcined at 450 oC for 60 min. Finally,
the obtained ZrO2 NPs were subjected to a number
of physicochemical characterization techniques.
Synthesis of Ni2+, Cu2+ and Zn2+ doped ZrO2
nanoparticles
In a typical synthesis, 0.05 M of Zirconyl
chloride octahydrate and 0.01 M metal salts
solution (nickel acetate for Ni2+ doping; copper
acetate for Cu2+ doping; and zinc acetate for Zn2+
doping) were dissolved in 100 ml of double distilled
water to which the NH4OH solution was slowly
added, and was stirred rapidly while maintaining
at a pH of 7-11. The above-prepared solution was
moved into a reaction vessel which is present on
the magnetic stirrer at 5000 rpm speed and 2 h for
the continuous stirring at 60 oC after which it was
allowed to cool down to room temperature. The
product was centrifuged, washed with distilled
water and acetone several times, dried at 90 oC and
calcined at 450 oC for 60 min. Finally, the obtained
Ni2+, Cu2+ and Zn2+ doped ZrO2 NPs were subjected
to a number of physicochemical characterization
techniques.
Characterizations
The morphology of the doped and undoped
ZrO2 NPs was characterized by scanning electron
microscopy (SEM, ZEISS EVO18, 15 kV) with
energy-dispersive X-ray spectroscopy (EDX).
The crystal structure of the prepared ZrO2 NPs
was investigated with transmission electron
microscopy (TEM, TECHNAI G2) operated
at 100 kV and X-ray diffraction (XRD, Xpert
Philips, Bruker X-ray diffractometer equipped
with graphite-monochromated CuKα radiation at
λ = 1.541 Ao) with a 2θ range of 10-80o. UV-VisNIR spectrophotometer (Shimadzu UV-3600)
was used to record the UV-Vis diffuse reflectance
spectra (UV-Vis DRS) to measure the absorbance
characteristics of ZrO2, and BaSO4 was used as a
reference standard to examine the optical properties
of the samples in the wavelength range of 200-800
nm. Room temperature photoluminescence (PL)
Nanochem Res 4(1): 43-54, Winter and Spring 2019

properties of the products were studied on a PerkinElmer (5301-PC) fluorescence spectrophotometer.
The FTIR spectra were recorded in transmittance
mode on a Shimadzu spectrophotometer in the
wave number range of 400-4000 cm−1.
Catalytic reduction of 4-nitrophenol
The catalytic reduction of 4-NP to 4-AP was
employed as a model reaction to evaluate the
catalytic performance of the undoped and Ni2+,
Cu2+ and Zn2+ doped ZrO2 NPs. At the beginning,
15 mL of 1.5×10-4 M 4-NP aqueous solution
was added into 5 mL of freshly prepared 0.05 M
NaBH4 solution, resulting in a dark yellow solution.
Then, a homogeneously dispersed aqueous
solution containing 1 mg of doped and undoped
ZrO2 catalyst was added to the mixed solution at
room temperature separately. The reaction was
monitored by immediately taking a small portion
of the solution that was put into a quartz cuvette
for the UV-Vis absorption measurements in the
range of 200–550 nm by a UV-Vis double beam
spectrophotometer (UV-3600 series double beam
spectrophotometer, Shimadzu). The slope of the
plot of relative intensity of the absorbance ln (A0/
At) at 400 nm versus time gives the rate constant
(k).
Reusability of the catalyst
A series of catalytic experiments were performed
for the reusability and stability of the catalyst as
doped and undoped ZrO2 NPs. After each cycle
of catalytic reaction, the synthesized ZrO2 NPs
were separated and collected by centrifugation.
Afterward, the sample was washed with 50 mL
distilled water several times, and vacuum dried at
70oC. The same procedure was repeated for each
recycle test.
RESULTS AND DISCUSSION
UV-Vis absorption analysis
The UV-Vis absorption spectra of the
synthesized undoped and doped ZrO2 NPs are
shown in Fig. 1. It represents the optical absorption
spectrum of ZrO2 NPs showing a sharp optical
absorption band at 280 nm due to the transition
from the valence band to the conduction band, and
still, there is some support from the extrinsic states
to the absorption in the UV region [34]. Along with
this peak, a weak absorption peak is also identified
at 230 nm. The observed absorption band may be
due to the charge transfer transition (O2‒→Zr4+)
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Fig. 1. The room temperature optical absorption spectrum of undoped and doped ZrO2 NPs.

Fig. 1 The room temperature optical absorption spectrum of undoped and doped ZrO2 NPs.

Fig. 2. The room temperature PL spectrum of undoped and doped ZrO2 NPs.

Fig. 2 The room temperature PL spectrum of undoped and doped ZrO2 NPs.

corresponding to the excitation of the electron from
valence band to conduction band. This transition
takes place from 2p energy state of O to 4d (x2-y2,
z2) energy state of Zr, since the valence band of
ZrO2 is mainly composed of the occupied 2p energy
state of the oxygen atom and the conduction band
is constituted by unoccupied energy state 4d (x2y2,z2) of Zr atom. Moreover, no characteristic peak
of d-d transition is observed in the visible region
since the Zr4+ ions have d0 configuration. However,
the observed absorption peak in the UV-range is
at a lesser energy compared to the literature on
the optical band gap for bulk ZrO2 [35]. The size
reduction in the NPs can cause the change in the
optical band gap of metal oxides over the narrowing
of the valence and conduction bands. The obtained
46

direct band gap value of doped and undoped ZrO2
nanoparticles is found to be 4.14 to 4.46 eV. The
obtained value is in a good agreement with values
reported in the literature [34-35].
Photoluminescence analysis
Photoluminescence technique is a suitable
method to determine the crystalline quality,
presence of impurities as well as exciton (bound state
of an electron and an electron hole) fine structure.
Moreover, it can also be used to study the migration,
transfer and recombination rate of photogenerated
electron-hole pairs in the semiconductor. In
general, pure ZrO2 shows the different broadband
emissions, which are dependent on the preparation
methods and excitation wavelength [36]. Fig. 2
Nanochem Res 4(1): 43-54, Winter and Spring 2019
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shows the PL spectrum of ZrO2 NPs excited at
350 nm, it exhibits three emission bands at 372,
412 and 535 nm. Owing to the non-luminous
nature of Zr4+, the observed emission peaks can be
attributed to its non-stoichiometry resulting from
the oxygen deficiency in the ZrO2 system. The peak
observed at 372 nm corresponds to the ionized
oxygen vacancies from the conduction band to the
valence band. The broad emission band observed at
412 nm is ascribed to the Zr vacancy and is one of
the most intense bands to consider the band edge
emission due to the free-exciton recombination
[37]. Due to the influence of surface defects and
oxygen vacancies a peak is observed at 537 nm.
This green emission band (535 nm) indicates the
surface defects in the ZrO2 lattice [38]. The similar
results have been reported in the literature for ZrO2
systems [39].
FTIR analysis
FTIR spectroscopic measurements were carried
out to identify the interactions between the dopants
on the surface of the ZrO2 NPs which are specifically
involved in the formation of nanoparticles. The
existence of functional groups in the synthesized
samples is examined using the FT-IR technique
in the range of 400 to 4000 cm-1 and are shown in
Fig. 3. From the spectrum, peaks observed at 480
and 580 cm-1 are due to the Zr–O vibration mode
confirming the formation of ZrO2 structure [40].
A band identified at 741 cm-1 is corresponding
to metal-Zr bond in doped ZrO2 NPs. The bands
observed at 1631 and 3426 cm-1 correspond to the
vibration mode from the moisture absorbed on the

samples and stretching vibrations of the O-H bond
and indicates the existence of hydroxyl groups on
the surface of the sample. Fig. 3 depicts a broad
prominent band around 3200-3400 cm–1 related
to the –OH stretching vibrations of adsorbed
water molecules on the prepared sample. It is well
known that the peaks at 705 and 634 cm–1 are
distinctive for Zr–O–Zr vibrations. The existence
of Zr–OH vibrations can be evidenced by the
appearance of a peak at 530 cm–1. It is apparent
that the intensity of absorption in the region of
500-700 cm–1 characteristic of tetragonal Zr–O–
Zr vibrations is greatly enhanced by calcination at
500oC. Moreover, the peak characteristic of Zr–OH
vibration disappeared due to the condensation of
hydroxyl groups to form ZrO2.
XRD analysis
To confirm the phase formation of undoped and
doped ZrO2 NPs using powder X-ray diffraction
(XRD) is recorded in an air atmosphere (Fig. 4).
All of the dominant diffraction peaks in the XRD
pattern can be identified as the tetragonal ZrO2
phase with indices of (1 1 1), (2 0 0), (2 2 0), (3 1 1),
and (2 2 2) crystalline planes, respectively (JCPDS
Card No. 02-0733) [41]. There are no peaks of other
phases (especially, monoclinic phase) observed in
the XRD pattern. This clarifies that the synthesized
ZrO2 NPs contain a single crystalline tetragonal
phase without any phase impurities. It can also
be clearly observed that the synthesized ZrO2
NPs exhibit high crystallinity due to the intensity
sharpness of all the dominant diffraction peaks.
Using the Debye-Scherrer formula, the average

Fig. 3. FTIR spectra of the doped and undoped ZrO2 NPs.

Fig. 3 FTIR spectra of the doped and undoped ZrO2 NPs.
Nanochem Res 4(1): 43-54, Winter and Spring 2019
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Fig. 4. X-ray diffraction patterns for undoped and doped ZrO2 NPs.

Fig. 4 X-ray diffraction patterns for undoped and doped ZrO2 NPs.

Fig. 5. (a-d) SEM images of ZrO2 nanoparticles with different magnifications.

crystallite size of undoped and Cu2+, Ni2+, Zn2+
prepared undoped and doped ZrO2 NPs examined
withby
different
Fig. 5NPs
(a-d)was
SEM
images
of24±0.5
ZrO2 nanoparticles
doped ZrO
found
to
be
nm,
13±0.8
SEMmagnifications.
analysis at different magnifications.
2
nm, 17±0.6
nm
and
15±0.2
nm,
respectively.
It
is
clear
from
Fig. 5 that the ZrO2 NPs are in
Fig. 5 (a-d) SEM images of ZrO2 nanoparticles with different magnifications.
uniform size indicating that the ZrO2 particles are
SEM analysis
spherical in nature with nanometer region. The
Fig. 5(a-d) shows the surface morphology of the
agglomeration of some small and uniform-sized
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Fig. 6. (a-c) TEM images of ZrO2 NPs with different magnifications and (d) SAED pattern.

ZrO2 NPs as a cluster was initially observed. The
fringe arrangements inside the crystallite show
calculated crystallite size was in the range of less
the development of a single phase ZrO2 with an
Fig.
6 (a-c)
TEM images
of of
ZrO
2 NPs with different magnifications and (d) SAED pattern.
than 50
nm
for different
samples
ZrO
NPs. It is
extended order in the crystalline structure. The
2
observed that most of the particles are spherical in
corresponding SAED pattern of the synthesized
(a-c) TEM
of ZrO2 The
NPs energy
with different
magnifications
and in
(d) Fig.
SAED
pattern.
shapeFig.
with6 smooth
andimages
fused surface.
ZrO
NPs is shown
6(d).
The obtained
2
dispersive X-ray (EDX) spectra of undoped ZrO2
average crystallite size from TEM is 10-25 nm; it
NPs show only the presence of Zr and O atoms,
is slightly higher than the value obtained by XRD.
indicating the absence of impurities from the
This difference between the XRD and TEM results
sintered samples.
may be due to the aggregation of the small particles
of ZrO2.
TEM analysis
To get further evidence on structural information
Catalytic reduction of 4-nitrophenol
of the synthesized ZrO2 NPs, TEM and selected
To study the catalytic performance of the asarea electron diffraction (SAED) analyses were
prepared catalysts (undoped and doped ZrO2 NPs),
carried out. Fig. 6(a-c) shows the TEM images of
a model catalytic reaction involving the reduction
ZrO2 NPs at different magnifications and it is clear
of 4-NP by excess NaBH4 was carried out, and the
that the NPs are spherical in shape and uniform in
UV-Vis spectrometry was used to monitor the
size. The TEM image of ZrO2 NPs shown in Fig. 6
entire reaction process, as depicted in Fig. 7. After
indicates the existence of well-organized particles
adding a certain amount of NaBH4 solution into
and small agglomerated particles of ZrO2. The
4-NP solution, the absorption peak exhibited an
Nanochem Res 4(1): 43-54, Winter and Spring 2019
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obvious blue shift from 319 nm to 400 nm (Fig. 7),
mainly due to the formation of 4-nitrophenolate
ions in alkaline environments [42]. The intensity of
the absorption peak at 400 nm could remain nearly
unchanged with time in the presence of NaBH4 [43].
Fig. 7 shows the UV-Vis absorption spectra of the
reactant 4-NP solution over time in the presence of
NaBH4 and the absence and presence of ZrO2 NPs.
As we can see, the absorption intensity remained
almost the same over time indicating no catalytic
property without catalyst. With addition of ZrO2
NPs as a catalyst into the reaction mixture, the
characteristic absorption peak at 400 nm gradually
decreased in intensity along with the fading of the
yellow-green color. Meanwhile, a new absorption

peak at about 300 nm (assigned to 4-AP) appeared
and increased gradually over time suggesting that
the chemical reaction happened in the presence of
the synthesized ZrO2 catalysts.
The conversion of 4-NP to 4-AP was monitored
by recording the intensity changes of the absorbance
bands of the reactant 4-NP and the product 4-AP
centered at 400 and 303 nm, respectively. The
reaction remained almost unchanged without the
addition of catalyst due to the high kinetic barrier
between the mutually repelling negative ions: 4-NP
and BH4−. The color of the 4-NP solution changed
from light yellow to yellow-green after the addition
of NaBH4. Consequently, the alkali mediated
formation of phenolate ion (317 nm), which

Fig. 7. The UV-Vis spectra of 4-NP reduction with undoped and doped ZrO2 NPs.

Fig. 7 The UV-Vis spectra of 4-NP reduction with undoped and doped ZrO2 NPs.

Fig. 8. Linear plots of ln(A0/At) vs. time for the catalytic reduction of 4-nitrophenol over the synthesized undoped and doped ZrO2 NPs.

Fig. 8 Linear plots of ln(A0/At) vs. time for the catalytic reduction of 4-nitrophenol over the
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synthesized undoped and doped ZrO2 NPs.
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resulted in the shifting of a strong absorption peak
of 4-NP at 400 nm, as shown in Fig. 7. However, the
absorbance peak at 400 nm remained unaffected in
the case of the undoped ZrO2 NPs, as shown in Fig.
7. The time-dependent UV-Vis spectra for undoped
ZrO2 NPs serving as the catalyst showed the rapid
decrease in the intensity of the absorbance peak
of the 4-NP ion at 400 nm, with the simultaneous
increase in the intensity of the 4-AP absorbance
peak at 303 nm (Fig. 7) suggesting the conversion
of 4-NP to 4-AP using NaBH4. With addition of
undoped ZrO2 NPs (1 mg), the yellow color of the
4-NP solution was completely bleached within
45 min (Fig. 7), suggesting that the reaction was
rapidly completed.
However, the complete conversion of 4-NP to
4-AP was achieved within 90 min by the Ni2+, Cu2+
and Zn2+ doped ZrO2 NPs samples, respectively, as
shown in Fig. 7. From the time-dependent UV–Vis
absorbance spectra, the catalytic activities are in
the following order: Zn2+ doped ZrO2 NPs > Ni2+
doped ZrO2 NPs > Cu2+ doped ZrO2 NPs. It can be
inferred that the important aspect of the catalytic
reduction of 4-NP involves the enhanced diffusion
and adsorption of 4-NP to the catalytic surface and
consequential electron transfer mediated by the
catalytic surface from BH4− to 4-NP as suggested
by previous report [44]. The particle size of these
catalysts also has great influence on their catalytic
activities. For instance, the catalytic activity was
observed by varying the particle sizes of doped
(Ni2+, Cu2+ and Zn2+) ZrO2 NPs and it was measured
by TEM analysis. These catalytic reaction times

were quite longer than the time required for smaller
sized particles (around 12 nm) of Zn2+ doped ZrO2
NPs. This suggested that smaller nanoparticles
were more catalytically active than the larger size
particles of doped ZrO2 NPs than the undoped
ZrO2 NPs due to the large surface area of smaller
particles which led to enhance diffusion and rapid
adsorption.
The conversion percentage (α) of 4-NP to 4-AP
was calculated by the formula:
α = A0 / At × 100%
It was found that the reduction of 4-NP to 4-AP
by sodium borohydride in the presence of ZrO2 NPs
as catalyst follows pseudo-first order rate equation
with respect to 4-NP because the concentration of
NaBH4 was too high as compared to 4-NP. So, the
concentration of NaBH4 was considered constant
throughout the reaction.
Evaluation of rate constants
In the catalytic reduction reaction, the
concentration of NaBH4 was very high and could
be considered as a constant during the reaction
period. Hence, pseudo-first-order kinetics could
be applied to evaluate the catalytic activity of the
catalysts [45]. The plot of ln (A0/At) versus time is
obtained based on the absorbance as a function
of time. The good linear correlations observed, as
shown in Fig. 8, signify that the reactions follow
the first-order kinetics. The ratios of A0 to At
were obtained from the relative intensity ratios

Fig. 9. The catalytic conversion of undoped and doped ZrO2 NPs catalyst for the reduction of 4-NP with NaBH4.

Fig. 9 The catalytic conversion of undoped and doped ZrO2 NPs catalyst for the reduction of 4-
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NP with NaBH4.
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of the respective absorbance (Ao/At) at 400 nm,
in which t is the reaction time, and A0 and At
are the absorbances of 4-NP at the time 0 and t,
respectively. The rate constant k can be determined
by the rate equation ln (A0/At) = -kt. The reaction
rate constant k was determined from the slope of
the plots of ln (A0/At) vs. time as shown in Fig. 8.
The reaction rate constant k was found to be 2.21
× 10−2 s−1 for undoped ZrO2 NPs, 2.49 × 10−2 s−1
for Cu2+ doped ZrO2 NPs, 3.25× 10−2 s−1 for Ni2+
doped ZrO2 NPs and 5.8 × 10−3 s−1 for Zn2+ doped
ZrO2 NPs. It was observed that the Zn2+ doped
ZrO2 NPs sample exhibits the best catalytic activity
among the other doped and undoped ZrO2 NPs.
The catalytic conversion of 4-NP clearly indicates
the maximum catalytic activity in the presence of
Cu2+ doped ZrO2 NPs comparing to the undoped
and Ni2+, Zn2+ doped ZrO2 NPs, as shown in Fig. 9.
Reusability of the synthesized undoped and doped
ZrO2 NPs
The reusability of nanocatalysts is an important
aspect to be strongly considered in practical
heterogeneous catalytic applications. To evaluate
the reusability of the synthesized ZrO2 NPs as
catalyst, repetitive reduction cycles were performed
under similar conditions. The kinetic constant of
the first run was taken as a control and the reaction
conditions were kept constant for successive cycles.
In addition, the activity ratio was defined as the ratio
of the kinetic constant in each run to one of the first
runs. It was explored up to five cycles and excellent
reusability was demonstrated for the Cu2+ doped
ZrO2 NPs sample. It possesses superior reusability
and regeneration, consistently maintaining
approximately 94.5% reduction conversion of 4-NP
in all five cycles with loss of slight activity. The
slight decrease after the third cycle might be due to
some loss of the nanocomposite catalyst during the
recurrent sample washing.
CONCLUSION
In this study, we report the synthesis of undoped,
Ni2+, Cu2+ and Zn2+ doped ZrO2 NPs using a
simple co-precipitation method. The catalytic
activities of the synthesized materials towards the
reduction of 4-NP to 4-AP were comparatively
investigated using NaBH4 as a reducing agent.
The morphology, structure and optical properties
of the synthesized ZrO2 NPs were characterized
using TEM, SEM, XRD, FTIR, UV-Vis, and PL
spectroscopy. The crystal structure and size of
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ZrO2 NPs were confirmed by XRD and TEM. The
well dispersed doped ZrO2NPs having the size
10-25 nm was exhibited from the TEM analysis.
Among the undoped and doped ZrO2 NPs, Cu2+
doped ZrO2 NPs are the superior catalysts for the
reduction of 4-NP to 4-AP due to the small size of
the particles and large surface area. The Zr2O NPs,
bearing high surface area along with the formation
of highly active with dopants (Ni2+, Cu2+ and Zn2+)
during catalysis, trigger fast 4-NP reduction with
an exceptionally high rate constant. In addition, the
doped ZrO2 NPs possessed remarkable reusability
up to 5 consecutive cycles under similar conditions.
Our results demonstrate that the synthesized
ZrO2 NPs can be a promising material of choice
for various practical applications in catalysis and
environmental applications.
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