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Abstract

A facile approach has been devised for the preparation of magnetic NiFe,O, photocatalyst (NiFe,0,-NG) supported on
nitrogen doped graphene (NG). The NiFe,0,-NG composite was synthesized by one step hydrothermal method. The na-
nocomposite catalyst was characterized by Powder X-ray diftraction (PXRD), Scanning electron microscopy (SEM),
Transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), Ultraviolet—visible spec-
troscopy (UV-Vis) and Vibrating sample magnetometry (VSM). It is found that the combination of NiFe,O, nanopartic-
les with nitrogen-doped graphene sheets converts NiFe,0, into a good catalyst for methylene blue (MB) dye degrada-
tion by irradiation of visible light. The catalytic activity under visible light irradiation is assigned to extensive movement
of photogenerated electron from NiFe,O, to the conduction band of the reduced NG, effectively blocking direct recom-
bination of electrons and holes. The NiFe,O, nanoparticles alone have efficient magnetic property, so can be used for
magnetic separation in the solution without additional magnetic support.

Keywords: Nanostructures, photodegradation, nickel ferrite, catalysts, absorption, UV/Vis spectroscopy.

1. Introduction

Photocatalysis especially by TiO, has been widely
used for the purification of waste water. The energy band
gap of 3.2 eV is required for the excitation of electron by
light in TiO, catalyst so UV light can only be used in the
process of photodegradation. The development of visible
light sensitive photocatalysts by band gap modifications
and external surface changing for waste water treatment
and degradation of organic dye is an active area in photo-
catalysis.'”” Graphene has attracted the attention due to
various applications.®!! Graphene has sp hybridized car-
bon and one atom thick (2-D) sheet of conjugated system
and extraordinary physical and chemical properties.'*”'¢
There has been so much focus to develop graphene-metal
oxide photocatalysts such as TiO,-graphene and ZnO-
graphene for the photodegradation of organic dye by the
irradiation of visible light.!'”>> The heterogeneous sys-
tems are mostly used to perform the photodegradation
reactions. The repeated use of photocatalysts after degra-
dation is of great importance for sustainable use of the ca-
talyst. The magnetic nanoparticles anchored on solid sup-

port serve as heterogenous catalyst allowing facile separa-
tion of catalyst from reaction products.” Superparamag-
netic copper ferrite-graphene nanocomposite prepared via
hydrothermal method acts as excellent catalyst for the re-
duction of nitroarenes. The big advantage of the catalyst is
that it can be easily recovered and retains the catalytic ac-
tivity even after five catalytic cycles.** Copper—cobalt fer-
rites prepared by hydrothermal method from co-precipa-
ted precursor serve as efficient catalyst in the decomposi-
tion of methanol to CO and H2.25 The various metal ferri-
tes have been used as catalysts in phenols decomposition,
detoxification of CO gas from automobile exhaust, anodic
material for lithium ion batteries.?*?° Nickel ferrite (Ni-
Fe,O0,) has the inverse spinel structure. The ferrimagne-
tism arises due to antiparallel spin of Fe** ions present at
tetrahedral sites and Ni** occupying octahedral sites.*
The Nickel ferrite is considered as the efficient magnetic
material which has good electrical resistivity, high-Curie
temperature and chemical stability. Magnetic nanopartic-
les of nickel ferrite have been used to manufacture titania-
coated nickel ferrite, which can act as magnetically sepa-
rable photocatalyst.>! The TiO, doped NiFe,O, nanopar-
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ticles possess band gap of 2.19 eV and have displayed en-
hanced photocatalytic activity as compared to TiO, for de-
gradation of Rhodamine B dye in aqueous solution under
visible light irradiation.*? Pure nickel ferrite is photo-ca-
talytically inactive but its composite with another semi-
conductor (e.g., graphene sheets) can find an effective
mechanism for separation of charges leading to increased
photocatalytic performance. One such example is Zn-
Fe,O,-graphene photocatalyst and its great performance
in the photocatalytic degradation of MB under visible
light irradiation.*® Carbon material doped with a heteroa-
tom, such as B, N or S, can increase the pseudo capacitan-
ce by manipulating its electronic properties and chemical
reactivity leading to increased performance of doped
grapheme.*7 Nitrogen-doped graphene (NG) has great
utility because of its higher specific capacitance matched
to the pristine graphene and good durability, therefore,
enabling its use as electrode materials for supercapacitors
and applications in photocatalysis.*®

In this paper, we report the development of one step
method to design magnetically separable nitrogen doped
graphene-based photocatalyst having excellent catalytic
activity. The approach is designed to deposit NiFe,O, na-
nocrystals on nitrogen doped graphene sheets via a one-
step hydrothermal method. Interestingly, in the presence
of nitrogen doped graphene, the inert nanocrystals of Ni-
Fe,O, have been converted into a highly efficient catalyst
for the methylene blue (MB) degradation under visible
light irradiation. In addition, NiFe,O, nanoparticles them-
selves have a magnetic property, which makes the Ni-
Fe,0,-NG composite magnetically separable in liquid
medium.

2. Experimental

2. 1. Materials

Iron(III) nitrate nonahydrate Fe(NO,), - 9H,0, Nic-
kel(II) nitrate hexahydrate Ni(NO,), - 6H,0O, graphite
powder flakes, phosphoric acid and hydrogen peroxide
were purchased from Alfa Aesar. All chemicals were used
as received without further purification. Ethanol, urea, so-
dium hydroxide and sulphuric acid were purchased from
Sigma Aldrich. Deionized water was used throughout.

2 .2. Synthesis of Magnetic NiFe,O,-Nitrogen
Doped Graphene Composite
Photocatalyst

Purified natural graphite was used for the synthesis
of graphene oxide (GO) by the well known method given
by Hummers and Offeman.* The graphene oxide (GO)
(0.08 g) was dispersed in 20 ml of absolute ethanol and
sonicated for 45 min. In a separate beaker 0.28 g of
Ni(NO,), - 6H,0 and 0.78g of Fe(NO,), - 9H,0 mixture
was added to 10 ml absolute ethanol with constant stirring

for 30 min forming homogenous solution. The two solu-
tions were mixed and pH of the mixture solution was kept
10.0 using 6 M NaOH solution and then 1 g urea was ad-
ded into it. The resulting mixture was put into a 50 mL
Teflon-lined stainless steel autoclave and heated to 180 °C
for 18 h in an oven. After cooling the reaction mixture to
room temperature and the precipitates were filtered, was-
hed with distilled water and dried in oven at 70 °C for 12
h. The product was named as NiFe,O,~NG. Same method
was applied to synthesize pure NiFe,O, with the modifi-
cation that GO and urea were excluded. Sulfur was esti-
mated as BaSO, by gravimetric method and Chloride was
estimated as AgCl by Volhard’s method.*

2. 3. Spectroscopic and Microscopic
Measurements

The phase and size of the as-prepared samples were
determined from powder X-ray diffraction (PXRD) using
D8 X-ray diffractometer (Bruker) at a scanning rate of 12°
min~" in the 20 range from 10° to 70°, with Cu Ko radia-
tion (A = 0.15405 nm). Scanning electron microscopy
(SEM) micrographs of the samples were recorded on FEI
Nova Nano SEM 450. High Resolution Transmission
Electron Microscopy (HRTEM) was recorded on Tecnai
G2 20 S-TWIN Transmission Electron Microscope with a
field emission gun operating at 200 kV. The samples for
TEM measurements were prepared by evaporating a drop
of the colloid onto a carbon coated copper grid. The infra-
red spectra were recorded on Shimadzu Fourier Trans-
form Infrared Spectrometer (FT-IR) over the range of wa-
ve number 4000-400 cm™ and the standard KBr pellet
technique was employed. The magnetic moment as a
function of applied field was recorded using Vibrating
Sample Magnetometer (VSM), Lakeshore 7410. All the
measurements were performed at room temperature.

2. 4. Photocatalytic Activity Measurement

The catalytic activity of the as synthesized sample
was performed by degradation of organic dye MB under
the irradiation of visible light. For the Photo irradiation
500 W xenon lamp was used fitted with UV cut-off filters
(JB450) in order to completely remove any radiation be-
low 420 nm ensuring the exposure to only visible light.
The whole procedure was performed at 25 °C. A 100 mL
of MB dye solution was prepared (20 mg/L concentration)
and 0.025 g of photocatalyst was mixed with dye solution.
The resulting mixture was stirred for 60 min before illu-
mination in order to establish the adsorption — desorption
equilibrium between MB and catalyst surface. At same in-
stant of time 5 mL of dye-catalyst mixture was taken out
and concentration of the residual dye was determined with
the help of UV-vis spectroscopy by measuring the absorp-
tion at 664 nm. The absorbance of dye at 664 nm was mo-
nitored with time after fixed intervals of time. The absor-
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bance of dye with time without catalyst was also recorded
for reference.

3. Results and Discussion
3. 1. PXRD Measurements

The structural characterization of the nanoparticles
has been carried out by Powder X-ray diffraction techni-
que using CuKo radiation. Figure 1(a—b) show the diffe-
rences of phase composition between GO and NG. The
doping of nitrogen in GO can be clarified easily by PXRD
spectrum. The PXRD pattern of GO exhibits a characteri-
stic (002) peak of graphite emerging at 24.2°. Compared
with GO, it is found that the (002) peak of NG appears at
26.3" which indicates that nitrogen atoms have entered in-
to the crystal lattice of graphite and caused the increased
distance between the graphite layers. This confirms the
formation of nitrogen-doped graphene by urea assisted
hydrothermal reaction. Figures Ic, d show the PXRD dif-
fraction patterns of the pure NiFe,O, and as prepared Ni-
Fe,0,~NG. The diffraction peaks at 30.9°, 35.7°, 43.4°,
53.7°, 57.2° and 63.2° corresponding to the planes (220),
(311), (400), (422), (511) and (440) are allocated to spi-
nel-type NiFe,0, (JCPDS No. 54-0964).* Similar dif-
fraction patterns are observed for NiFe,O,~NG. The nitro-
gen doped graphene oxide can be reduced by the alcohol
under hydrothermal conditions and no peak at (002) is ob-
served in the composite. It can also be related to well ex-
foliation of the NG sheets in the resulting composite ma-
terial. So the diffraction pattern of NG disappears in the
XRD pattern of NiFe,0,~NG.

The average crystallite size of these nanoparticles
was calculated according to the Scherrer’s equation.

kA
LCos©

D

where, L (nm) is the crystallite size, A (nm) is the wave-
length of the Cu Ko radiant, A = 0.15405 nm, B(°) is the
full-width at half-maximum (FWHM) of the diffraction
peak, 0 is the diffraction angle and KX is the Scherrer con-
stant equal to 0.89. All the major peaks were used to cal-
culate the average crystallite size of the NiFe,O, and Ni-
Fe,0,~NG nanoparticles. The estimated average crystalli-
te sizes of nanoparticles are in the range of 80-120 nm.

3. 2. SEM and TEM Analysis

Figure 2a shows representative scanning electron
microscopy and transmission electron microscopy images
of the prepared GO. From the SEM image, morphology
and structure of as-prepared graphene oxide sample was
investigated. GO sheets were cast on a gold coated (100
nm) Si/Si0, substrate. It has been found that the graphene
flakes have wrinkled surfaces. Furthermore, in the TEM
image (Figure 3a) GO shows layer-by-layer stacked struc-
ture and has wrinkled paper like morphology. Such morp-
hological changes can be attributed to the increased for-
mation of phenolic and epoxy functional groups on the
basal plane of GO. The curled and overlapped nanosheets
can be clearly observed. The SEM image (Figure 2b) and
TEM image (Figure 3b) reveal that nitrogen-doped grape-
ne nanosheets exhibit a typical wrinkled structure, which
results from stable bending thermodynamically.***}

Figures 2(c—d) show SEM images of the NiFe,O,
and NiFe,0,-NG samples where as Figures 3(c—d) show
TEM images of the NiFe,O, and NiFe,0,~NG samples. In
Figure 2c¢ and Figure 3c, NiFe,O, nanoparticles are clear-
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Figure 1. PXRD patterns of (a) GO, (b) NG, (c) NiFe,O, and (d) NiFe,0,~NG.
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Figure 2. SEM images of (a) GO (b) NG (c) NiFe,O, and (d) NiFe,0,-NG.

ly visible in the SEM and TEM images. The NiFe,O, na-
noparticles distributed on NG to form nanoparticles
bound on the surface of NG sheets is seen in the Figure 2d
and Figure 3d. Measurements showed that the average
diameter of NiFe,0,—NG particles is approximately 80
nm. The particle size data obtained from TEM data are in
very close agreement to the size calculated from the Deb-
ye—Scherrer method.

3. 3. FT-IR Characterization

Figure 4(a—d) shows the FTIR spectra of GO, NG,
NiFe,O, and NiFe,O,-NG. There are many O-containing
groups that exist on GO sheets, such as hydroxyl, epoxy,
and carboxyl groups. Majority of the O-containing
groups will disappear after reduction. FTIR bands at
1050, 1220, 1405 and 1730 cm™' were observed for GO.
These bands correspond to C-O stretching, C-O-C
stretching, O—H deformation vibration and C=0 car-
bonyl stretching.* FTIR bands at 1400 cm™" due to C=C
stretching is observed in NG and the vC=0 band at 1730
cm’' completely disappeared due to reduction. The

bands located at 1180 and 1565 cm™ in Figure 4b are as-
signed to the v C-N and v C=C respectively. The FTIR
spectra suggest N doping of GO. Figure 4 (c—d) shows
the FT-IR bands of NiFe,O, and NiFe,O,-NG. The
bands observed in the range of 620-650 cm™ corres-
ponds to the intrinsic stretching vibrations of the M—O in
the tetrahedral site. The second band around 3400-3500
cm™' corresponds to O-H stretching vibrations.* Furt-
hermore, it is observed that almost all the characteristic
bands of oxygen containing functional groups (C=0,
O-H, C-OH and C-0O-C) disappeared in the FT-IR
spectrum of NiFe,0,-NG depicting the change in the
surface morpholgy of NG-NiFe,O, composite. These
findings show that NiFe,O, nanoparticles are bonded to
the NG. The results above show the heteroatom N was
entered in the graphene structure and the NiFe,0,-NG
composites was prepared favourably.

3. 4. Photocatalytic Measurements

The adsorption of light by the photocatalysts is the
key feature of photocatalysis method. Figure 5a show the
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Figure 3. TEM images of (a) GO, (b) NG, (c) NiFe,0, and (d) NiFe,0,-NG
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Figure 4. FT-IR spectra of (a) GO (b) NG (c) NiFe,0, (d) NiFe,0,-NG

UV Spectrum of NiFe,0,~NG. The photocatalytic activi-
ties of the as-obtained NiFe,0,~NG nanocomposite pho-
tocatalysts were evaluated by monitoring the degradation
of methylene blue (MB) under visible-light irradiation at
25 °C. Figure 5a shows the changes in the absorbance pro-

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 8O0 600
Wave number (cm™)

files of MB solution (concentration of MB, C = 0.075 M
and path length, | = 1cm) in the presence of NiFe,0,~NG
photocatalyst under visible-light irradiated at 25 °C recor-
ded at different time intervals. The adsorption-desorption
equilibriated solution of MB and NiFe,O,~NG was used
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Figure 5a. Absorption spectra of the MB solution (C = 0.075 M and | = 1 cm) taken at different photocatalytic degradation times using Ni-

Fe,0,-NG.
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Figure 5b. Kinetics of photodegradation of (a) Pure MB and (b)

the pure MB solution. The catalyst acts as magnetic ma-
terial which gives good performance in magnetic separa-
tion for the NiFe,O,—NG photocatalysts using an external
magnet.

3. 4. 1. Mechanism of Photocatalytic Activity
Measurements

The photocatalytic activity for MB degradation can
be best explained by the following mechanism. The no-
table increase in photocatalytic activity under visible light
exposure can be attributed to exceptional synergistic ef-
fect between NiFe,O, and the nitrogen-doped graphene
sheets causing the effective separation of carriers genera-
ted by the light exposure in the NiFe,0,~NG composite
system. A plausible mechanism for enhancement in pho-
tocatalysis process is shown as follows:

When the visible-light is irradiated on the surface of

NiFe,04 + Visible light ———— NiFe,0, (h+e) 2
NiFe;,O4(e)  + N-doped graphene ————= NiFe,0; + N-doped graphene (e) 3)
N-doped graphene (e) + 0, —— 02-+N—dupedgmphcnc 4)
NiFe,04 (h) + OH —————3 NiF¢,0, + OH (5
NiFe,04(h) + -OH + Oy + CgHyCINSS(MB) g NiFe;04 + CO, + H,0 + SO + NOy + CI' + NHy' (6)

as starting solution. In Figure 5b C/C, was plotted versus
time where C,, is initial concentration of methylene blue
(0.075 M at time t = 0 min. and C is concentration at time
t min.). It can be clearly seen that almost all the MB in
the solution is decomposed after 180 min in presence of
the NiFe,O,~NG while there is least photodegradation in

NiFe,O,, the electron-hole pairs are formed (Eq. 2). Then
by the percolation mechanism, the electrons generated by
the photogeneration process are instantly transfer onto
NG sheets (Eq. 3). Superoxide anion radical is produced
from oxygen dissolved and activated through nitrogen do-
ped graphene carrying negative charge (Eq. 4). The adsor-
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bed water can react with holes to produce hydroxyl radical
(Eq. 5). At the end superoxide anion, and hydroxyl radical
cause the oxidation of MB dye adsorbed on the surface of
NiFe,0,-NG composite by electrostatic interaction and 7-
T interaction between aromatic rings of methylene blue
and graphene layer (Eq. 6). In the photocatalytic degrada-
tion process, the electrons of the photocatalyst i,e Ni-
Fe,0,~NG nanocomposite are excited from the valence
band (VB) to the conduction band (CB) by the visible light
irradiation. The photogenerated holes in the VB are sca-
venged by OH™ of water forming ‘OH radicals which are
responsible for the MB degradation process afterwards.
The N-graphene performs two functions; (a) it acts as char-
ge carrier to trap the delocalised electrons thereby restric-
ting the (h—e) recombination. (b) Secondly, it increases the
adsorption of MB dye on the catalyst surface thereby in-
creasing the m-7 interaction between aromatic rings of
methylene blue and graphene layer.*®

3. 5. Magnetic Characterization

Magnetization hysteresis loops of the as-prepared
NiFe,O, and NiFe,O,~NG samples at room temperature
were measured using vibrating sample magnetometer as
shown in Figure 6(a—b). The magnetic properties of the
NiFe,O, having inverse spinel structure can be described
in terms of cations distribution. The magnetization origi-
nates from the Fe*" ions at both tetrahedral and octahedral
sites and Ni** is present only in octahedral sites.*’*® Coer-
civity and saturation magnetization of NiFe,0,—NG are
47.4 G and 10.1 emu/g respectively, whereas that of Ni-
Fe,O, are 33.5 G and 9.2 emu/g respectively. The values
observed for NiFe,O,~NG are larger than those for Ni-
Fe,O, which shows that NiFe,0,~NG is more easily sepa-
rable than NiFe,O, The increase in the saturation magne-
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Figure 6. Magnetic hysteresis loop measured at 300 K for (a) Ni-
Fe,0, (b) NiFe,0,-NG

tization was possibly attributed to the increasing crystalli-
nity and particle size of the nanoparticles.

4. Conclusions

In the outcome, a magnetic NiFe,0,~NG photoca-
talyst has been fabricated through hydrothermal route.
The SEM and TEM images show that nitrogen-doped
graphene sheets are flaked and furnished with NiFe,O,
nanoparticles having an average diameter of 80 nm. The
photocatalytic activity measurements confirm that the Ni-
Fe,O, nanoparticles combined with nitrogen-doped grap-
hene sheets lead to exciting conversion of the inactive Ni-
Fe,O, into very good catalyst for the degradation of
methylene blue (MB) under visible light irradiation. The
notable increase in photoactivity can be ascribed to the su-
perior conductivity of the reduced NG sheets leading to
favourable and efficient separation of photogenerated car-
riers (hole-electron) in the NiFe,0,—NG system. Subse-
quently, there is very large and useful change in photoca-
talytic activity after coupling nickel ferrite with nitrogen-
doped graphene sheets.
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Povzetek

Preprost sintezni na¢in smo uporabili za pripravo magnetnega fotokatalizatorja NiFe,O, na grafenu, dopiranem z
dusikom (NG). Kompozit NiFe,0,~NG smo pripravili z enostopenjsko hidrotermalno sintezo. Nanokompozitni katali-
zator smo karakterizirali z naslednjimi metodami: rentgensko praskovno difrakcijo (XRD), vrsti¢no elektronsko mikro-
skopijo (SEM), presevno elektronsko mikroskopijo (TEM), infrardeco spektroskopijo (FT-IR), UV-Vis spektroskopijo
in magnetometrijo z vibrirajo¢im vzorcem (VSM). Kombinacija nanodelcev NiFe,O, in grafena, dopiranega z duSikom
pretvori NiFe,O, v dober katalizator za fotokataliti¢ni razpad barvila metilen modro (MB). Fotokataliticno aktivnost
pod vplivom vidne svetlobe lahko pripiemo obseZnemu premiku vzbujenih elektronov iz NiFe,O, v prevodni pas redu-
ciranega grafena (NG). Ze sami nanodelci NiFe,0, imajo takSne magnetne lastnosti, da jih lahko uporabimo za magnet-
no separacijo v raztopini brez dodatne uporabe magneta.
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