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A B S T R A C T

Herein, we report an efficient, magnetically recoverable and recyclable nanocatalyst to drive a reduction re-
action under mild reaction conditions. Nickel ferrite (NiFe2O4) and 20% copper substituted nickel ferrite
(Ni0.8Cu0.2Fe2O4) nanocatalysts were synthesized using a facile glycine-nitrate autocombustion route and em-
ployed as catalysts to assess the reduction of 4-nitrophenol in aqueous medium. Phase purity, structural aspects,
morphological features and magnetic characteristrics of as-synthesized ferrite powders were carried out using X-
ray diffraction (XRD), transmission electron microscopy (TEM) and vibrating sample magnetometer (VSM).
Elemental compositions of the prepared materials were investigated using EDX analysis. Reduction of 4-
nitrophenol to 4-aminophenol using NaBH4 as the reducing agent with the nanocatalyst was monitered using a
UV–Visible spectrophotometry. The results indicate that the Ni0.8Cu0.2Fe2O4 demonstrated a better catalytic
activity with nearly 99% conversion against NiFe2O4, which showed almost negligible activity over a long period
of time. For the first catalytic reduction cycle, time taken by the Ni0.8Cu0.2Fe2O4 was less than 2min. However,
the reduction time increased progressively as number of cycles increased. Ni0.8Cu0.2Fe2O4 also displayed a su-
perior catalytic performance over 10 cycles, without a significant drop in its activity. The superior catalytic
performance of Ni0.8Cu0.2Fe2O4 is likely to be due the surface contribution of smaller particles and the presence
of Cu2+ at the octahedral site of the spinel ferrite.

1. Introduction

Among the aromatic pollutants, nitrophenol and its derivatives are
considered as the most common organic pollutants in agricultural and
industrial waste water [1,2]. Conversely, aminophenol and its deriva-
tives are of great economical importance as they are the starting ma-
terials or intermediates to design numerous products such as drugs,
dyestuffs, rubber chemicals, etc [3,4]. Therefore, it is imperative to
convert nitrophenols to aminophenols in an economical way. In this
direction, constant research efforts are in progress to develop a most
capable catalyst for the conversion from the toxic nitrophenols to value
added aminophenols under mild reaction conditions. So far, wide range
of catalysts such as metal oxides [5], highly expensive metal nano-
particles such as Pd, Ag, Au, Pt [6–9] and composite materials [10,11]
have been developed for the reduction or degradation of nitrophenols.
In recent times, magnetic nanomaterials, particularly spinel-type ferrite
systems, are being studied as suitable alternative catalysts to drive the
reduction of 4-nitrophenol to 4-aminophenol in aqueous medium
[12–15]. The spinel ferrites are soft magnetic in nature, and thus they

could be selectively separated from a complex heterogeneous mixture
by an external magnetic field. Apart from this, the nano-sized spinel
ferrites are chemically stable, causy to prepare in large scale, non-toxic
in nature and more importantly cost-effective, and hence they are the
suitable candidates [15]. The catalytic performance associated with the
spinel ferrites is governed by several factors such as cation distribution,
surface area, morphological features and particle size distribution.
Moreover these factors indeed depend on synthesis methods and pro-
cessing conditions [15].

Singh et al. [15] employed nanocrystalline CoFe2-xNixO4

(0≤x≤ 1), synthesized using the reverse micelle technique, as cata-
lysts for reduction of 4-nitrophenol using NaBH4 as the reducing agent,
and reported increased catalytic activity as Ni content increased in the
CoFe2O4 lattice. Feng et al. [13] have synthesized copper ferrite na-
noparticles and employed as catalyst for the reduction of 4-nitrophenol
in the presence of NaBH4 as reducing agent, and showed > 95% con-
version in<40 s. But the authors have discovered Cu metal phase to-
gether with the copper ferrite phase in the XRD pattern, and the role of
Cu phase on the catalytic reduction of 4-nitrophenol had not been
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discussed. Rath et al. [16] have showed in their report that nano-sized
Cu, Cu2O and CuO impreganted on cubic order mesoporous carbon
would also serve as effective catalysts for the reduction of 4-nitrophenol
to 4-aminophenol. Goyal et al. [12] investigated the catalytic efficiency
of nano-sized MFe2O4 (M=Zn, Cu, Ni), synthesized using the sol-gel
route, for the reduction of nitrophenols in the presence of NaBH4, and
reported better activity for CuFe2O4 against other two ferrites. Even in
this report, the authors have noticed CuO as secondary phase along
with prominent CuFe2O4 phase and no discussion was made on the
contribution of CuO towards the nitrophenol reduction properties. In
most of the reports on the spinel-type ferrites as catalysts, reusablibilty
of the nano ferrite catalysts for multiple cycles and phase stability of the
catalyts after the application were not explored. Therefore, it is indis-
pensable to synthesize high-performance single phase nanocrystalline
ferrites and exploit them as catalysts for the reduction of 4-nitrophenol
and also for multiple cycles.

In this study, single phase nanocrystalline NiFe2O4 and
Ni0.8Cu0.2Fe2O4 compositions have been synthesized and employed as
catalysts for reduction of 4-nitrophenol in the presence of the NaBH4.
After introduction of Cu into the NiFe2O4 lattice, a remarkable en-
hancement in the catalytic performance has been observed under mild
reaction conditions. Furthermore, Ni0.8Cu0.2Fe2O4 demostarted better
performance for more than 10 cycles, without a significant drop in its
activity.

2. Experimental

2.1. Synthesis of ferrite nanocatalysts

Ni(NO3)2 6H2O, Cu(NO3)2 6H2O, Fe(NO3)3 9H2O, glycine, and 4-
nitrophenol were procured from Merck (India) chemicals and used
without further purification. NiFe2O4 (NFO) and Ni0.8Cu0.2Fe2O4

(NC2FO) were synthesized by following the glycine-nitrate auto-
combustion method [17]. Initially, metal nitrates were weighed accu-
rately according to stoichiometric ratios for each composition and
dissolved in minimum amounts of distilled water followed by 10min
sonication. To the metal nitrates solution, a solution of glycine (0.5 mol
per mole of metal ion) was added and sonicated for 15min to achieve a
homogeneous reaction mixture. Subsequently, the reaction mixture was
placed on a hot plate at 200 °C. A thick viscous gel was formed after the
solvent evoporated, which underwent instantaneous combustion
yeilding the corresponding ferrite powders.

2.2. Materials characterization

Phase purity and average crystallite sizes of the as-synthesized fer-
rite powders were ascertained using a powder X-ray diffractometer
(Rigadu, Smart Lab) using monochromatic CuKα (λ=1.5406 Å) ra-
diation. Morphology and particle size of the ferrite powders were as-
sessed using a transmission electron microscope (Tecnai G2 F30).
Elemental mapping and EDX analyses were performed with a
scanning electron microscopy equipped with UltraDry EDS de-
tector (ESEM EFI Quanta 200). Raman spectra were recorded at
room temperature using a micro-Raman spectrometer (Horiba JY
LabRam HR 800) using 532 nm.Magnetic measurements were carried
out at room temperature using an EG&G PAR 4500 vibrating sample
magnetometer. Time dependent UV–Visible spectra were recorded at
room temperature using a UV–visible spectrophotometer (Shimadzu
UV-2600).

2.3. Catalytic reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol to 4-aminophenol was
employed as a model reaction to assess the performance of NFO and
NC2FO as catalysts. At the beginning, freshly prepared 0.2M aqueous
solution of NaBH4 was added to a 50ml of 0.02mM aquesous solution

of 4-nitrophenol, and the reaction mixture was subjected to constant
stirring at ambient temperature. Soon after the addition of NaBH4, the
colour of the 4-nitrophenol solution instantly transformed from pale
yellow to intense yellow, due to the production of phenolate anion.
Afterwards, 15mg of the ferrite nanocatalyst was added to the reaction
mixture and stirring was continued under the same conditions. It was
noticed that the intensity of the yellow colour faded gradually with
time, revealing the catalytic reduction of 4-nitrophenol. Progress of the
reaction was tested by recording UV–visible absorption spectra in the
range of 200–600 nm of small portions (~3ml) of the reaction mixture
extracted at different time intervals. Decreasing the intensity of the
absorption band at 400 nm due to the phenolate anion and emergence
of a new band at 303 nm indicated the formation of 4-aminophenol.

2.4. Recovery and reusability of the catalyst

After completion of the reduction reaction, the catalyst was mag-
netically recovered using a laboratory magnet of strength 0.2 T and
washed with distilled water for several times. The reduction reaction
was repeated several times using the recovered catalyst from the pre-
vious reaction. After eleven cycles, the recovered catalyst was washed
with distilled water and subsequently dried at 70 °C in an oven. The
dried recovered catalyst was investigated by XRD to assess the phase
stability.

3. Results and discussion

3.1. X-ray diffraction (XRD), transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) mapping

Fig. 1(a) shows the powder XRD patterns of the as-synthesized NFO
and NC2FO compared with the simulated pattern of NiFe2O4, generated
using the powder cell for windows (PCW) [18]. All the reflections in the
XRD patterns of both the as-synthesized compositions match with that
in the simulated pattern, suggesting formation of single phase cubic
spinel-type ferrites. Moreover, the peaks in the experimental patterns
are broad, signifying nanocrystalline nature of the particles. Using the
Scherrer formula [19], the average crystallite sizes of the compositions
are calculated from the width of the most intense (311) peak, after
subtracting the instrumental contribution to the peak broadening. The
average crystallite sizes are obtained 17 nm and 12 nm, respectively, for
NFO and NC2FO. The samller crystallite size obtained for NC2FO
against the NFO is most probably due to the induced lattice strain, due
to the slightly larger size of Cu2+ compared to Ni2+, as suggested in the
earlier reports [19]. Using the Williamson-Hall analysis [20], the lattice
strain of the compositions was estimated and the values are summerized
in Table 1. Even after replacing 20% Ni2+ by Cu2+ in the lattice of
spinel ferrite, the cubic lattice parameter, calculated by least-squares
fitting of the experimental pattern, was found to be nearly the same for
both NFO and NC2FO (see Table 1) due to comparable ionic radii of
Cu2+ and Ni2+, and possible re-distribution of the different ions in the
tetrahedral and octahedral sites of the spinel lattice. The ionic radii of
Ni2+ and Cu2+ are 0.55 and 0.57 Å for tetrahedral coordination and
0.69 and 0.73 Å for octahedral coordination [21].

The morphological features and particle sizes of the as-sythesized
NFO and NC2FO powders were further evaluated by TEM. TEM images
of NFO and NC2FO are presented in Fig. 1(b) and (c). It is apparent
from the TEM images that the particles are nearly spherical in mor-
phology with approximately narrow size distribution. Furthermore, the
particles of NC2FO are smaller in size in comparison with that of NFO,
as illustrated by the histograms of particle size distribution in
Fig. 1. The average particle size, measured from the TEM images, is
nearly comparable with the average crystallite size calculated from the
XRD patterns (See Table 1).

Images of elemental mapping and energy dispersive X-ray analysis
(EDX) spectrum of the nanocrystalline NC2FO sample are presented in
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Fig. 2. As can be seen from the mapping images, the elements such as
iron (Fe), nickel (Ni) and copper (Cu) are present in the sample, and
moreover the elements are uniformly dispersed. From the EDX analysis,
the elemental compositions of the samples were estimated and the re-
sults are presented in Table 2. The elemental compositions of the
samples, estimated from the EDX analysis, are nearly comparable with
the targeted compositions.

3.2. Raman spectra

According to the factor group analysis, compounds with normal
spinel structure are expected to exhibit merely five Raman active bands
(A1g + Eg + 3T2g) but more than five active bands have been docu-
mented for the inverse and mixed spinels due to the cations disorder
[19]. In the present study, all the characteristic Raman active bands,
corresponding to the spinel structure, were observed in the Raman
spectra of NFO and NC2FO, as shown in Fig. 3(a). The A1g(1) and A1g(2)
pertain to symmetric breathing modes of FeO4 and NiO4 tetrahedral
units, respectively [22]. Eg and T2g(3) are due to symmetric and
asymmetric bending motion of oxygen coordinated to Fe and/or Ni in
the tetrahedral environment, respectively. T2g(2) is due to symmetric
stretching of FeO6 or NiO6 octahedral units [19,22], T2g(1) is due to
translational movement of the whole tetrahedron [22]. It has been
observed from the Raman spectra that active bands are wider and their
positions are shifted towards higher wavenumbers, after incorporation
of Cu2+ into the lattice of NiFe2O4. The more broadening and shift in
the band positions could be due to the lattice strain induced in the
material as a result of Cu2+ introduction.

To extract further information, the Raman spectra of NFO and
NC2FO samples were deconvoluted and results of the deconvoluted
spectra are presented in Fig. 3(b)&(c). For the unsubstituted NFO
sample, the ratio of the area under the peaks due to A1g(2) (NiO4) and
A1g(1) (FeO4) is obtained as 0.18 from which the cations distribution
can be obtained as (Ni0.18Fe0.82)A[Ni0.82Fe1.18]BO4. In case of NC2FO
sample, the ratio of the area under the peaks due to A1g(2) (NiO4) and
A1g(1) (FeO4) is obtained as 0.32, indicating more Ni2+ ions have been
replaced from the octahedral sites to the tetrahedral sites, due to sub-
stitution of Cu2+ at the octahedral sites.

Fig. 1. (a) XRD patterns of the as-synthesized NFO (NiFe2O4) and NC2FO (Ni0.8Cu0.2Fe2O4) samples compared with the simulated XRD pattern of NiFe2O4.(b) and (c)
are TEM images of NC2FO and NFO, respectively. Histograms of particle size distribution of the corresponding samples are also presented.

Table 1
Sample code, crystallite/particle size obtained from XRD and TEM, strain, lattice parameter (a), saturation magnetization (Ms) and coercivity (Hc) of as-synthesized
NFO (NiFe2O4) and NC2FO (Ni0.8Cu0.2Fe2O4) samples.

Composition Sample code ‘tXRD’ (nm) ‘tTEM’ (nm) Strain (%) ‘a’ (Ǻ) Ms (emu/g) Hc (kA/m)

NiFe2O4 NFO 17 16 0.0014 8.348 26 7.4
Ni0.2Cu0.2Fe2O4 NC2FO 12 13 0.0036 8.347 16 13.3

Fig. 2. Elemental mapping images of NC2FO (Ni0.8Cu0.2Fe2O4) sample and the
corresponding energy-dispersive x-ray analysis (EDX) spectrum.
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3.3. Magnetic measurements

Fig. 4 illustrates the field dependence of the magnetization for the
as-synthesized NFO and NC2FO compositions, recorded at ambient
temperature. As evident from the inset of Fig. 4, both compositions
exhibit magnetic hysteresis loops due to their ferrimagnetic nature and
their magnetization is not saturated even at the maximum measuring
field strength of 1.5 T (1 T=800 kA/m). Saturation magnetization (Ms)
of the compositions is obtained by extrapolating M versus 1/H curve to
1/H=0 and the values are tabulated in Table 1. The Ms of NFO (26
emu/g) obtained in the present study is comparable with the values
reported for the nanocrystalline nickel ferrites of similar particle sizes
[23] but significantly lower than the values reported for the bulk nickel
ferrite [24]. This is due to the contribution of surface spin disorder
associated with the surface of the nanoparticles. After replacing 20%
Ni2+ by Cu2+ in the spinel ferrite, the Ms is found to be decreased to 16
emu/g. The decrease in Ms is primarily attributed to two factors, firstly,
the smaller particle size of NC2FO, and secondly, the reduced number
of spins in Cu2+ compared to that in Ni2+ in the octahedral sites of the
spinel ferrite [25].

The coercivity Hc of NC2FO is considerably higher than that of the
unsubstituted counterpart (Table 1). The increase in the coercivity
could be due to the changes in the A-O-B superexchange interactions,
when Ni2+ (d8, S= 1) is replaced by Cu2+ (d9, S= 1/2) in the AB2O4

spinel structure, as well as the relatively smaller particle size.

3.4. Catalytic reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol to 4-aminophenol was
monitored by recording the absorption spectra. The changes in the in-
tensities of the absorption bands at 400 and 303 nm, respectively, for
the reactant and the product were monitored as a function of time. Even

though NaBH4 is a well-known for its reducing agent, it is incapable of
converting 4-nitrophenol to 4-aminophenol due to the high kinetic
energy barrier between the phenolate anion and BH4

− [16]. In such a
scenario, a catalyst may help to minimize the barrier of energy and
thereby facilitates the reduction reaction. Here in this study, when
nickel ferrite (NFO) was exploited as a catalyst to drive the reduction
process, a slight drop in the intensity of the absorption peak at 400 nm
due to phenolate anion, without any prominent signature of the ab-
sorption peak at 303 nm due to the 4-aminophenol, has been observed
after 60min (Fig. 5(a)), suggesting an almost insignificant reduction
reaction. The time dependent UV–visible spectra using NC2FO as the
catalyst demonstrated a rapid drop in the intensity of the absorption
peak of the phenolate anion at 400 nm, with a simultaneous increase in
the intensity of the absorption peak of the 4-aminophenol at 303 nm, as
shown in Fig. 5(b). With the addition of NC2FO, the intense yellow
colour of the phenolate anion solution was vanished within 2min (see
the inset of Fig. 4), revealing that the reduction reaction was very fast.

It is reported in the literature that if a substituent occupies the oc-
tahedral sites of the spinel ferrite lattice, then the catalytic activity of
the metal ion-substituted spinel ferrite would be enhanced by many
folds as the octahedral sites are exposed on the surface [12,15]. Thus,
the metal ions located at the octahedral sites facilitate rapid transfer of
electrons from borohydride (BH4

−) to 4-nitrophenol, which leads to the
formation of 4-aminophenol [15]. In the present case, remarkable en-
hancement of the catalytic performance after introduction of Cu2+ into
the lattice of nickel ferrite could be due to its octahedral site preference
[25]. In fact, the presence of Cu2+ in the octahedral site of the NC2FO is
strongly supported by the magnetic and Raman data.

The UV–Visible spectra in the eleventh recycle test using NC2FO is
presented in Fig. 5(c). Similar to the use of the fresh catalyst, the in-
tensity of the absorbance band at 400 nm decreased progressively with
simultaneous increase in the intensity of the band at 303 nm, as a
function of time, indicating the formation of the corresponding product.
However, the complete transformation of 4-nitrophenol to 4-amino-
phenol was achieved after 7min, slightly higher than the period re-
quired for the fresh catalyst. The increase in the time for the reduction
reaction with increasing number of cycles is most probably due to the
decrease in the number of active sites decorated on the surface of the
nanoparticles. Since the concentration of NaBH4 is high, the reduction
reaction can be assumed to obey pseudo-first order kinetics. Pseudo-
first order rate constant can be estimated using the rate law equation
[15].

Table 2
Target chemical composition of NiFe2O4 (NFO) and Ni0.8Cu0.2Fe2O4 (NC2FO)
and the final composition estimated by EDX in a SEM.

Target composition Final composition by EDX

Ni Fe Cu

NiFe2O4 0.94 2.06 –
Ni0.8Cu0.2Fe2O4 0.76 2.05 0.19

Fig. 3. (a) Raman spectra of as-synthesized NFO and NC2FO samples, recorded at room temperature, (b) and (c) are the corresponding deconvoluted spectra.
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Fig. 4. M−H hysteresis loops of as-synthesized NFO (NiFe2O4) and NC2FO (Ni0.8Cu0.2Fe2O4) samples. Inset shows the enlarged hysteresis loops in the low field
regions and the image demonstrates the magnetically separable ferrite nanocatalyst, after the reduction reaction.

Fig. 5. UV–Visible spectra of 4-nitrophenol at different time intervals using (a) NFO, (b) 1st cycle using NC2FO, and (c) 11th cycle using NC2FO. The corresponding
plots of ln(Co/Ct) vs time are shown in (d).
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where, Ct and Co are the concentrations at time ‘t’ and t= 0, respec-
tively, and k1 is the pseudo-first order rate constant. The plot of ln(Co/
Ct) versus time (t) for the reduction of 4-nitrophenol in the presence of
NaBH4 with the catalysts (NFO and NC2FO (1st and 11th cycle tests)) is
shown in Fig. 5(d). The rate constant values were estimated from the
slope of the straight line obtained from the plot of ln(Co/Ct) versus time
(t). The rate constant values using fresh NFO, fresh NC2FO, and 11th
cycle using NC2FO are obtained as 0.0048, 1.85 and 0.61 min−1, re-
spectively. Despite the fact that the time for the reduction reaction
increased with number of cycles, the catalytic activity of NC2FO cata-
lyst remains almost constant up to the 11 cycles, as shown in Fig. 6(a).

Fig. 6(b) compares the XRD patterns of the spent NC2FO catalyst
recovered after the 11th cycle with that of the fresh catalyst. The XRD
pattern of the spent NC2FO catalyst showed the signature of an extra
peak at the diffraction angle 2θ ~33.3° and this corresponds to the
phase α-Fe2O3. Formation of the impurity phase together with decrease
in the number of active sites on the surface of the nanoparticles is most
likely to be responsible for the increase in the duration of the reduction
reaction with the increasing number of cycles using the recovered
catalyst.

4. Conclusions

Between the nanoparticles of NiFe2O4 (NFO) and Ni0.8Cu0.2Fe2O4

(NC2FO), NC2FO displayed a significant catalytic performance for the
reduction of 4-nitrophenol to 4-aminophenol. The presence of Cu2+ at
the octahedral sites of the spinel ferrite and the smaller particle
size are likely to be responsible for higher catalytic activity asso-
ciated with NC2FO. Magnetic and Raman data support the pre-
sence of Cu2+ at the octahedral sites of the spinel ferrite. The
catalytic activity remains intact with the NC2FO even after 11th cycles,
except for an increase in the time required for the reduction reaction.
The formation of an impurity phase, as revealed from the XRD pattern
of the spent catalyst, and the decrease in the number of active sites on
the surface of the nanoparticles could be accountable for the increase in
the reaction time with increasing number cycles.
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