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Un-doped and Ni-doped FeS2 nanoparticles (NPs) with a doping concentration
of 4.0 at.% have been synthesized by a solvothermal method. The obtained
materials have been characterized by means of XRD, SEM, BET, Raman and
UV–VIS spectroscopy. The photocatalytic activity has been evaluated based on
degrading methylene blue with thin films of the NPs under UV–VIS light
irradiation. An important observation was that the activity increases in the
sequence FeS2 NPs fi Ni-doped FeS2 NPs fi composite of FeS2 NPs/rGO.
The enhanced energy gap and enlarged surface area, achieved by the Ni-
doping and adding rGO were considered to be the main reason for the im-
proved photocatalytic activity. Additionally, the mechanism of degradation
has been studied using several scavengers. The photo-generated �OH and �O�

2
have shown to be dominant radicals in the visible light MB degradation. The
presented data strongly suggest that the composite of FeS2 NPs/rGO may be
an efficient heterogeneous photo-catalyst for the degradation of the organic
contaminant and water treatment. The proposed film forms of materials are
promising for convenient reuse after a low-cost cleaning.
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INTRODUCTION

Metal sulphides have attracted considerable
interest due to their promising properties for elec-
tronic, optical and optoelectronic applications.1,2

Among them, FeS2 is an abundant, non-toxic and
low-cost material with small band gaps (0.95 eV) 3

and high absorption coefficients, which make it
suitable for photovoltaics, lithium-ion batteries and
hydrogen evolution.4–7 FeS2 was also employed for
the photocatalytic degradation of several organic
pollutants.8–10 Up to now, FeS2 NPs have been
prepared by several methods, such as hot

injection,7,8,11,12 hydrothermal6,10,13–15 and
solvothermal methods.16,17 Large-scale production
of FeS2 NPs can be obtained via both hydrothermal
and solvothermal methods. However, compared
with solvothermal method, the hydrothermal
approach has the disadvantage for improvement of
the permissibility and specific area of FeS2 particles
owing to the tendency to aggregate and form large
particles during the synthesis process.18 Therefore,
the large-scale synthesis of high-dispersive FeS2

NPs is still a challenge for strengthening their
unique properties. Recently, doping with metal ions
such as Fe and Co ions is an efficient way to
enhance the photocatalytic performance of the
photocatalysts.19–21 For example, microwave
hydrothermal synthesis of Co-doped FeS2 showed
a higher visible light photocatalytic performance
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than that of the pristine FeS2.19 However, little
information is available on the solvothermal syn-
thesis of FeS2 NPs with controllable in situ doping
of Ni and their photocatalytic activities.

Graphene, an attractive two-dimensional carbon
35 material, possesses excellent charge carrier and
electron mobility, leading to effective separation of
photogenerated carriers.22,23 In fact, the introduc-
tion of rGO to Fe3O4 NPs has been observed to
improve charge transfer between rGO sheets and
organic dyes, enhancing photocatalytic activity of
Fe3O4 NPs. Moreover, GO used as an attractive
material in this field owing to its unique two-
dimensional lamellar structure, large surface area,
and full surface accessibility.18,24 In addition,
graphene or GO is not only able to prevent the
aggregation of immobilized particles but also
improves the overall catalytic activity owing to the
synergistic effects between both components.18,24

Experimentally, using a combination of FeS2 and
rGO has effectively improved the photocatalytic
activities in removing 4-chlorophenol.18 In the case
of GO- Fe3O4 hybrid material, the observed
enhancement in catalytic activity was attributed
to the synergistic effects between of the adsorptive
power of GO sheets and the hydroxyl radicals
produced by heterogeneous photo-Fenton
reactions.24

In this study, un-doped and Ni-doped FeS2 NPs
were synthesized by a low-cost, environment-
friendly solvothermal method. The influence of Ni
dopant and combination of FeS2 NPs and rGO on
photocatalytic activity of these composite systems
were investigated and evaluated.

EXPERIMENTAL DETAILS

Materials

Graphite flakes were purchased from Sigma.
Sulphuric acid (H2SO4), sodium nitrate (NaNO3),
potassium permanganate (KMnO4), hydrochloric
acid (HCl), hydrogen peroxide (H2O2), iron (II)
acetylacetonate (C10H14FeO4), nickel (II) chloride
hexahydrate (NiCl2.6H2O), oleyamnine (70%), 1,2
hexadecandiol, sulphur flakes, hydrazine monohy-
drate (98 wt.%), ethanol (99.5%), methanol (anhy-
drous, 99.8%), toluene (99.9%) and cyclohexane
(99.5%) were obtained from Sigma-Aldrich. The
2 9 2 cm2 microscopic glass substrates were used
after cleaning by sonication in acetone, methanol
and deionized (DI) water.

Synthesis and Characterization of un-Doped
and Ni-Doped FeS2 NPs

The un-doped and Ni-doped FeS2 NPs were
synthesized via a solvothermal method. In a typical
synthesis, 7.5 mL of oleylamine was added into a
50-mL Teflon-lined stainless steel autoclave con-
taining 0.25 mmol of iron (II) acetylacetonate,
0.25 mmol of 1,2 hexadecandiol, 1.5 mmol of sulfur

flakes. For the synthesis of Ni-doped FeS2 NPs, we
added 0.025 mmol of nickel (II) chloride hexahy-
drate. The reaction mixture was sonicated for 1 h to
ensure homogenous mixing. The reaction tempera-
ture was fixed at 190�C, and the reaction time was
20 h. The autoclave was then cooled to room tem-
perature naturally and the precipitate was collected
via centrifugation. After the reaction period, the
pure FeS2 NPs and Ni-doped FeS2 NPs samples
were washed with methanol and toluene, then dried
in air before collection for further characterization.

The phase quality of the FeS2 and Ni-doped FeS2

NPs was analysed by X-ray diffraction (XRD) using
a D8 Advance Brüker diffractometer using CuKa
(k = 1.5406 Å) radiation and Raman spectra using a
LabRAM HR800 (Horiba) with a 632.8 nm excita-
tion laser at a resolution of 1.0 cm�1. The surface
morphology was studied in a scanning electron
microscope (SEM, JEOL JCM-6000Plus). Specific
surface area of FeS2 NPs, Ni-doped FeS2 NPs and
composite of FeS2 NPs and rGO was determined by
the Brunauer–Emmett–Teller (BET) method using
a Micromeritics Gemini VII 2390t analyzer at 77 K.
The optical absorption spectra were obtained using
ultraviolet–visible spectroscopy (Agilent, 8453). The
Ni doping concentration was determined to be 4
at.% as analysed by an inductively coupled plasma
mass spectrometry (ICP-MS, 79 Perkin Elmer
ELAN 9000).

Synthesis and Characterization of Graphene
Oxide

Graphene oxide was synthesized from graphite
flakes using the modified Hummers method.25 The
detailed synthesis and characterization were car-
ried out as described in our previous study.26 The
GO dispersion was suspended in DI water with
concentration of 2 mg/mL.

Preparation of Films of un-Doped, Ni-Doped
FeS2 NPs and Composite Made Up of FeS2 NPs
and Reduced Graphene Oxide

The recovery and reuse of photocatalyst is a key
factor for large-scale application. To facilitate the
process of photocatalyst recovery and to reduce the
agglomeration problems of suspended NPs, we
propose to evaluate photocatalytic activity from
the films of un-doped, Ni-doped FeS2 NPs, and
composite made up of FeS2 NPs and rGO. The films
were deposited by spray pyrolysis onto a 2 9 2 cm2

glass substrate using an airbrush system with a
nozzle diameter of 0.2 mm. The inlet pressure was
fixed at 3 bar. The distance between the tip of the
nozzle and the substrate was kept at 8 cm. The
volume of the spray solution is 2 mL. The solution of
GO, rGO, FeS2 NPs, and composite of FeS2 NPs and
rGO were used to fabricate the films shown in
Fig. 1(a)–(d). The final films of undoped, Ni-doped
FeS2 NPs and composite of FeS2 NPs and rGO (here
and after denoted as [FeS2 NPs/rGO]) were obtained
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after the spray deposition. Since the film of Ni-
doped NPs was obtained to be similar to that of un-
doped, we show only the features of the un-doped
FeS2 and [FeS2 NPs/rGO], respectively, in Fig. 1(e)
and (f).

For the growth of un-doped and Ni-doped FeS2

NPs films: The initial FeS2 NPs or Ni-doped FeS2

NPs solutions (20 mg/mL) were created by diluting
respective constituents in cyclohexane. The growth
temperature was fixed at 100�C.

For the growth of the composite of FeS2 NPs and
rGO film: The GO dispersion (2 mg/mL) was vigor-
ously mixed with hydrazine monohydrate with a
volume ratio of 1:2 for 5 min and then diluted 10
times with DI water/ethanol/hydrazine monohy-
drate with a volume ratio of 1:1:2. Sonication was
then applied using a sonication bath for 1 min in
order to obtain stable and homogeneous GO-hy-
drazine dispersion (referred to as rGO solution).
Finally, the FeS2 NPs (20 mg/mL) and GO-hy-
drazine (0.2 mg/mL) solution with the volume ratio
of 1:1 were sonificated for 5 min to ensure a
homogeneous mixing. The growth temperature
was fixed at 200�C in order to obtain proper rGO
in the composite.27

Photocatalytic Activity

The photocatalytic activity was studied by mea-
suring the decomposition of methylene blue (MB) in
aqueous solution using UV–VIS spectroscopy. In
each experiment, the suitable film of FeS2 NPs, Ni-
doped FeS2 NPs or composite of FeS2 NPs/rGO was
submerged into 10 mL of MB aqueous solution with
a concentration of 10�5 M, denoted as MB solution.

The prepared set was stored in the dark for 30 min
to reach adsorption equilibrium before illumination.
The white light of a tungsten light bulb (100 W) and
UV light of 365 nm (6 W) were used as visible-light
and UV irradiation sources, respectively.28 At the
fixed time intervals of illumination, a quantity of
0.75 mL from the MB solution was taken out and
measured by UV–VIS spectrometry at a maximum
absorption of MB (665 nm).

To find the mechanism responsible for MB degra-
dation, several scavengers such as ethylenedi-
aminetetraacetic acid (EDTA-2Na), p-
benzoquinone (BQ) and isopropyl alcohol (IPA) have
been utilized as holes, superoxide radical �O�

2 and
hydroxyl radical �OH trapping agents. In the scav-
enging test, 0.2 mmol of these active species scav-
engers were added individually during the
photocatalytic reaction. The method of active spe-
cies trapping experiment is similar to the photocat-
alytic activity experiment.

RESULTS AND DISCUSSION

Figure 2 shows SEM image of the un-doped and
Ni-doped FeS2 NPs samples. All the samples exhibit
uniform morphology and particle size distribution.
The smaller NPs are obtained in the NP sample
with Ni doping. The size of undoped and Ni-doped
FeS2 NPs is estimated approximately to be 200–
300 nm and 80–150 nm, respectively. A similar
observation was reported for those of FeS2 NPs
with Co incorporation.29

Figure 3 shows XRD patterns of the un-doped and
Ni-doped FeS2 NPs samples. It is seen that both un-
doped and Ni-doped FeS2 NPs samples show similar
XRD patterns. The discernible peaks can be indexed
as those for pyrite FeS2 (JCPDS No. 01-079-0617).
Fitting of X-ray data for our samples using Rietveld
profile refinement yields lattice parameters
a = 0.54173(2) nm with goodness of fit v2 of 2.78
for un-doped and a = 0.5316(3) nm with v2 = 3.32
for Ni-doped NPs. We must admit that there are
several un-indexed peaks in the low range, which is
probably associated with a foreign phase in these
samples. However, the quantity of the impurities is
low, comparable to the detection limit of X-ray
spectrometry. The crystallite size can be calculated
from the Scherrer equation:

L ¼ Kk
bcosh

; ð1Þ

where k is the X-ray wavelength, b is the peak width
at half maximum height of the diffraction reflection,
and K is a constant related to crystallite shape,
normally taken as 0.9 for spherical crystals with
cubic unit cell. Using Eq. (1), we estimated the
crystallite size of the studied samples, taking into
account the average of six most intense peaks of
each phase. It turns out that the un-doped FeS2 NP
sample shows a crystallite size of � 20 nm, while
the Ni-doped FeS2 NP sample exhibit a little smaller

Fig. 1. Optical photographs of (a) GO, (b) rGO, (c) FeS2, and (d)
FeS2 NPs and rGO solutions. Digital image of fabricated (e) FeS2

NPs film and (f) FeS2 NPs/rGO film.
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size of � 17 nm. It may be said that even for the un-
doped FeS2 NP sample, the calculated average grain
sizes appear smaller than the observed NPs shown
in Fig. 2, so it is likely that each NP consists of
multiple grains or the agglomerate of NPs. In a
semiconductor photocatalyst, a smaller crystallite
size typically allows a better charge transport in the
structure, reducing the recombination and increas-
ing the efficiency of the photocatalytic reaction.

The measurements of N2 adsorption–desorption
isotherms provided specific surface areas of the
studied samples. The BET values of FeS2 NPs, Ni-
doped FeS2 NPs and a composite of FeS2 NPs/rGO
were found to be 16.5, 26.0 and 99.1 m2/g, respec-
tively, indicating that the Ni-doping or introduction

of rGO significantly increases the surface areas of
the FeS2-based sample.

Raman spectroscopy, based on an inelastic light-
scattering, detects the molecule-specific vibrations
in a sample irradiated by a monochromatic laser.30

Thus, this technique basically provides information
about the phonon vibrational modes and obviously
is very sensitive to phases and composition of an
investigated sample. In consequence, Raman spec-
troscopy may be applied to examine the phase
purity of NPs, for instance, as reported in Ref. 31
The Raman spectra of the un-doped and Ni-doped
FeS2 NP samples are shown in Fig. 4. For both
studied compounds, we observed two strong peaks
near 340 and 379 cm�1, which correspond well with
the reported values for disulphide phonons Eg and
Ag modes of FeS2 pyrite.12,13,16,30,31 The peak near
340 cm�1 describes vibrational and stretching
modes 30,32 and the secondary high peak near
379 cm�1 usually assigned to the in-phase stretch-
ing vibration of the S–S pair.16,29,30 This finding
indicates that the Ni2+ ion was substituted correctly
into the FeS2 matrix. The same phenomenon was
observed in Co-doped FeS2 particles.18 It is noted

Fig. 2. SEM images of (a) the un-doped and (b) Ni-doped FeS2 NPs.

Fig. 3. XRD patterns of the un-doped (upper panel) and Ni-doped
(lower panel) FeS2 NPs. The points are experimental data while the
solid lines present theoretical profiles. The vertical bars indicate the
indexed positions of the Bragg reflection and the bottom line is the
difference between the experimental and theoretical data.

Fig. 4. Raman spectra of un-doped and Ni-doped FeS2 NPs.
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that the spectrum of the un-doped sample exhibits
additionally a strong peak at 469 cm�1, which was
assigned due to elemental sulphur.30 Nonetheless,
the Raman spectrum of single-crystalline FeS2

displays a mode 430 cm�1 associated with symme-
try Tg. This mode is detected in measurement
configuration of vertical polarizations of the inci-
dent and scattered radiation. We may emphasize
that un-doped and Ni-doped FeS2 NPs have no other
peaks originating from impurities, suggesting the
high phase purity of our samples. It is interesting
that the Raman peaks of the Ni-doped FeS2 NP
sample shifts to a lower wavenumber compared to
those of un-doped. Usually, shifting Raman peaks is
related to the changes in chemical bond length of
molecules. In our case, the phenomenon occurs due
to longer bonds in the Ni-doped FeS2 NPs. More-
over, the Raman shifts x have been considered by
Liu et al. 33 to be dependent on nanoparticle sizes D.
The authors developed a relation x Dð Þ for nanoma-

terials: x Dð Þ / Ba=Btð Þ1=4, where Ba and Bt are
geometric parameters related to the size and shape
of the system. Experimental data have demon-
strated in several nanosized semiconductors that
as size decreases, x Dð Þ gradually drops. Accord-
ingly, the Raman spectroscopy data for un-doped
and Ni-doped FeS2 NPs can confirm smaller nano-
sizes in the Ni-doped FeS2 NP samples. By the way,
a larger bandwidth in the Ni-doped FeS2 NP sample
may also be indicative of larger structural disorders.

Figure 5 presents the absorption spectra of the
un-doped and Ni-doped FeS2 NPs measured in the
wavelength range 180–1100 nm. For comparison,
we show in the inset of Fig. 5 the data for the GO
and rGO solutions. Characteristic peaks in the
absorption spectra of GO and rGO (designed by
arrows) are observed at 230 and 295, and 265 nm,
respectively. The peaks of 230 nm and 265 nm
result from p� p� transition of aromatic C ¼ C
bonds, whereas the shoulder peak of 295 nm is
due to n� p� transition of aromatic C ¼ O bonds.

Our results fully agree with the data reported in
literature, e.g.34 In the case of the un-doped and Ni-
doped FeS2 NPs, UV–VIS spectroscopy reveals a
shift in absorption peaks too (see the positions of
absorption peaks denoted by arrows). The absorp-
tion edge of the un-doped FeS2 NPs can be evalu-
ated to be � 600 nm, which moves to � 700 nm in
the Ni-doped FeS2 NP sample. Thus, the Ni-doping
shifts the absorption edge into the visible-light
region.

The energy of the optical bandgap (Eg) is esti-
mated using Tauc plots by plotting (ahmÞn versus hm
with n = 1/2 for indirect transition and n = 2 for
direct transitions.29,31,35,36 Actually, Fig. 6 (a)–(d)
presents the energy of bandgaps for GO, rGO, un-
doped and Ni-doped FeS2 NPs, respectively. The
obtained values of energy gaps are given in Table I.
Our measurement indicates a decrease in direct gap
but an increase in indirect gap values of GO due to
reduction to rGO. For un-doped and Ni-doped FeS2

NPs, we observe the indirect bandgaps of 1.12 and
1.2 eV, respectively, whereas, the first and second
direct transitions were found to amount to 2.41 and
3.47 eV, and 2.25 and 3.56 eV, respectively. The
indirect bandgap of both un-doped and Ni-doped
NPs was wider than that of bulk pyrite of about
0.95 eV.3 The similar observation was obtained in
previous works.29,31,35,36 The first and second direct
transitions have been previously studied experi-
mentally by analysing band-edge absorption of cubic
pyrite NPs 31,35,36 and theoretically from density
functional theory (DFT) calculations.37,38 Appar-
ently, the estimated values of the first direct
transition of both un-doped and Ni-doped FeS2NPs
are close to those determined experimental mea-
surement (2.24 eV) 8 and (2.4 eV) 29 and theoretical
calculation (2.1 eV).38 The values of the second
direct transition of both un-doped and Ni-doped
FeS2 NPs are close to the theoretical value (3.5 eV)
38 but higher than the experimental value (2.9–
3.0 eV).31,35

Photocatalytic activity of the un-doped FeS2 NPs,
Ni-doped FeS2 NPs, and [FeS2 NPs/rGO] samples
were evaluated by measuring the decomposition of
methylene blue in an aqueous solution. Figure 7
shows the changes in MB concentration as a
function of irradiation time under both UV and
visible light. As seen in Fig. 7(a), the un-doped NPs
decompose methylene blue effectively through pho-
tocatalytic reaction under visible light irradiation
due to its narrow bandgap energy. Compared with
the un-doped NPs, the Ni-doped FeS2 NPs sample
shows much higher photocatalytic activity (Fig. 7a).
The Ni doping can decrease the NP size, resulting in
an increase of its specific surface area and improv-
ing the visible-light photocatalysis. This interpreta-
tion has previously been proposed for an enhanced
photocatalytic performance of Co-doped FeS2

nanoparticles.19 Moreover, in Ni-doping the conduc-
tivity of the carriers is higher by one order of
magnitude over undoped FeS2,39 leading to a fast

Fig. 5. UV-VIS spectra of the un-doped and Ni-doped FeS2 NP
samples, and of GO and rGO in the inset.

A Comparasion of Photocatalytic Activity Between FeS2, Ni-Doped FeS2 Nanoparticles and
Un-Doped FeS2/rGO Composite



charge transport. Another mechanism is associated
with the shifting absorption edge into the visible-
light regime in the Ni-doped FeS2 NPs sample (see
Fig. 7d), so the visible-light photocatalytic perfor-
mance becomes enhanced.

Furthermore, the composite of FeS2 NPs and GO
studied in the work clearly improves the visible-
light photocatalytic properties compared to pure
FeS2 NPs or Ni-doped FeS2 NPs. This can be
attributed to the unique properties of GO and rGO
such as larger surface area, full surface accessibility
and fast charge transport and the synergistic effects
between both components of GO or rGO and
NPs.18,23,24,40

Under UV irradiation, the FeS2 NP and rGO
composite samples also show much stronger photo-
catalytic activity than the un-doped and Ni-doped
FeS2 NP samples (Fig. 7b). Compariing with the
VIS data, one recognizes that there is greater
photoactivity in the visible-light region. The princi-
ple reason is probably due to different powers of

used irradiation sources. Moreover, the MB pho-
todegradation clearly obeyed the first-order reaction
kinetics: C ¼ Coexp �ktð Þ, where Co is the initial
concentration of reactant C at time t = 0 and k is the
reaction rate. The linearized kinetic plots,
ln Co=Cð Þvst, for the degradation of MB with the
presence of the un-doped FeS-2 NPs, Ni-doped FeS2

NPs, and [FeS2 NPs/rGO] samples under UV and
visible-light irradiation are shown in Fig. 7(c) and
(d).

The degradation of MB corresponds approxi-
mately to the first-order kinetics and the observed
rate constants of UV and visible-light photocatalytic
degradation are gathered in Table II. Our results of
the Ni-doped FeS2 NPs sample exhibit comparative
activity with the data published by Wang et at. for
Co- and Ni-doped FeS2.41 However, it must be
pointed out that the [FeS2 NPs/rGO] sample reveals
the highest k values, which are almost of two times
larger than those un-doped or Ni-doped FeS2 NPs
samples. This means that highest degradation
efficiency of MB can be achieved by a combination
of FeS2 NPs/rGO, whereas the Ni-doping has min-
imal effect on the photocatalic activity.

One of the tasks of this work was to explore the
mechanism of the photoactivity under visible-light
irradiation. In general, we must seek photoinduced
free radicals or photogenerated charges and their
recombination from the pair hþ þ e�ð Þ: In most
cases, the electron paramagnetic resonance (EPR)
spectroscopy was successfully employed, since the
technique allows us to investigate the change in

Fig. 6. Plotting (ahmÞn versus hm with n = 1/2 for indirect transition (red dash line) and n = 2 for direct transitions (blue solid line) of (a) GO, (b)
rGO, (c) undoped FeS2 NPs, and (d) Ni-doped FeS2 NPs.

Table I. The direct and indirect gaps of GO, rGO,
un-doped and Ni-doped FeS2 NPs

Samples Direct band (eV) Indirect band (eV)

GO 4.29 1.83
rGO 4.20 2.07
Un-doped 2.41, 3.47 1.12
Ni-doped 2.25, 3.56 1.20
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structure and electronic properties due to light
irradiation.42–44 Unfortunately, EPR is not advis-
able for Ni-doped FeS2 because the EPR spectra of
spin S = 1 are forbidden, which causes interpreta-
tion difficulties.45,46 An alternative, effective
method for determination of free radicals in the
photocatalytic process is based on using radical
scavengers as trapping agents. Free radicals gener-
ated during photocatalytic reaction include super-
oxide �O�

2 and hydroxyl radical ÆOH, which can be
trapped by BQ and IPA scavenger, respectively. So,
we have undertaken a study on the photocatalytic
activity of the FeS2-based catalysts with respect to
applied scavengers. The effect of EDTA-2Na, BQ
and IPA on the photoactivity of FeS2 NPs, Ni-doped
FeS2 NPs and a composite of FeS2 NP/rGO under
VIS irradiation is presented in Fig. 8 (a), (b) and (c),

respectively. It can be found that by using IPA as
the trapping agent the photocatalytic degradation
in all the three studied catalysts decreases drasti-
cally, indicating that ÆOH radicals are the main
active groups in the degradation reaction of MB.
Otherwise, if using BQ as the scavenging agent, the
photocatalytic activity decreases a lesser extent,
meaning a certain responsibility of super oxide �O�

2
radicals merely in the photocatalytic MB degrada-
tion. From the experiment, one sees also that the
photocatalytic degradation of MB using EDTA-2Na
as the scavenger is similar to that without scav-
enger. Therefore, the photogenerated hole transfer
is not a suitable mechanism for MB degradation by
the FeS2-based materials. Instead, a possible pro-
cess of MB photodegradation follows the reactions:

(i) FeS2-based catalyst + hm fi FeS2-based
catalyst + hþ þ e�ð Þ

(ii) e� þ O2 ! �O�
2 þ H2O

(iii) �O�
2 þ H2O ! �OH

(iv) hþ þ H2O ! �OH
yielding the photogenerated ÆOH and �O�

2
charges from trapping sites.

Fig. 7. Photocatalytic properties of the un-doped NPs sample (solid squares), Ni-doped FeS2 NPs sample (solid circles) and the FeS2 NPs and
rGO composite under (a) visible light and (b) UV irradiation. The linearized kinetic plots for the degradation of MB with the presence of the
corresponding photocatalyst samples under (c) visible light and (d) UV irradiation.

Table II. The reaction rates under UV and VIS
irradiation kUV and kVIS (1023 min21)

Samples kUV kVIS

FeS2 NPs 1.87 1.33
Ni-doped Fe2 NPs 2.17 1.65
FeS2 NPs/rGO 4.3 2.95
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CONCLUSIONS

A solvothermal technique was utilized to synthe-
size the un-doped and Ni-doped FeS2 NPs with a
doping concentration of 4.0 at.%. The un-doped and
Ni-doped FeS2 NPs have a single-crystalline struc-
ture of the pyrite phase. The photocatalytic activity
of the films of the un-doped and Ni-doped FeS2 NPs
and composite of FeS2 NPs/rGO fabricated by spray
pyrolysis have been investigated. Larger energy
gap, smaller size and larger specific area of the NPs
were achieved by Ni-doping, which seem to be the
main reason for the improved photocatalytic activity

of Ni-doped FeS2 NPs. Furthermore, the composite
of FeS2 NPs and rGO exhibit higher UV and visible-
light photocatalytic compared with both un-doped
and Ni-doped FeS2 NPs, separately. The photocat-
alytic degradation mechanism was investigated by
means of using EDTA-2Na, BQ and IPA scavenger.
The possible photocatalytic process can be described
based on the free ÆOH and �O�

2 radical generation.
Thanks to considerably enhanced photoactivity of
the composite of FeS2 NPs and rGO, this heteroge-
neous material is a promising candidate for the
degradation of organic contaminants and water
treatment. We believe that the film forms of pho-
toactive catalysts are suitable for multiple utilisa-
tion and for convenient reuse after a low-cost
cleaning.
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