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Abstract: We report on the synthesis of Sn-doped hematite nanoparticles (Sn-a-Fe,O3; NPs) by the hydrothermal method. The
prepared Sn-a-Fe,O3; NPs had a highly pure and well crystalline rhombohedral phase with an average particle size of 41.4 nm.
The optical properties of as-synthesized a-Fe,O; NPs show a higher bandgap energy (2.40-2.57 eV) than that of pure bulk a-
Fe,03 (2.1 eV). By doping Sn into a-Fe,03 NPs, the Sn-doped hematite was observed a redshift toward a long wavelength with in-
creasing Sn concentration from 0% to 4.0%. The photocatalytic activity of Sn-doped a-Fe,O3; NPs was evaluated by Congo red
(CR) dye degradation. The degradation efficiency of CR dye using Sn-a-Fe,O; NPs catalyst is higher than that of pure a-Fe,0;
NPs. The highest degradation efficiency of CR dye was 97.8% using 2.5% Sn-doped a-Fe,O3 NPs catalyst under visible-light irradi-
ation. These results suggest that the synthesized Sn-doped a-Fe,0; nanoparticles might be a suitable approach to develop a
photocatalytic degradation of toxic inorganic dye in wastewater.

Key words: a-Fe,0; nanoparticles; Sn; Congo red; photocatalytic properties; photodegradation

Citation: VN Lam, TBVu, QD Do, TT X Le, T D Nguyen, T T B Nguyen, H T Do, and T T O Nguyen, One-step hydrothermal
synthesis of Sn-doped a-Fe,03 nanoparticles for enhanced photocatalytic degradation of Congo red[J]. J. Semicond., 2022, 43(12),

122001. https://doi.org/10.1088/1674-4926/43/12/122001

1. Introduction

Congo red (CR) dye (1-Naphthalenesulfonic acid, 3,3'-((1,
1'-biphenyl)-4,4'-diylbis-(azo))bis(4-amino-, disodium salt))
with formula as C5,H,,NgNa,0gS,, is a typical benzidine-based
anionic diazo dyel'-3l. The CR dye belongs to industrial efflu-
ent groups, which have been widely used in textile dye and
other chemical engineering industries. In wastewater, this an-
ionic diazo dye dissolves and ionizes out an anion of sulfon-
ate group (CR-SO37) and sodium ion (Na*). Due to their carci-
nogenic activity, the CR dye has fallen into disuse, as have all
benzidine-derived dyes. However, the CR dye has still been
widely used for histology and microscopy applications, such
as the outer membrane of Gram-negative bacteria, and stain-
ing in amyloidosis and the cell walls of plants and fungi is-
sues. Therefore, the untreated discharge of the above CR dye,
containing toxic organic groups, directly into water bodies is
the leading cause of pollutant and carcinogenic factors for hu-
man health, animals. Several approaches have aimed to re-
move toxic CR dye in wastewater, including absorptiont3-4l, bio-
degradation®, photodegradation6-8! and membrane separa-
tion®, Among them, the photodegradation method using met-
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al oxides is useful for degrading CR dye into environmentally
friendly products. Electron—hole pairs of metal oxides, compos-
ites, and cellulose photogenerated under light irradiation re-
act to water molecules to form hydroxyl radical (OH'). The
OH- reacts to CR dye molecules to degrade them into nontox-
ic productst’- 2410, However, the OH" density-dependent pho-
todegradation efficiency is based on photogeneration pro-
cess of electron-hole pairs in visible light region as well as
the absorption of dye molecules on the surface area of metal
oxide particles. To improve photodegradation efficiency, we
need to improve electrical conductivity; to reduce dimension-
al size, energy bandgap and carrier recombination process;
and to increase the lifetime of carriers of metal oxides nano-
particles.

Visible light-driven photocatalytic degradation of organ-
ic dyes in waste waters using inorganic semiconductors has
been considered as one of the most promising approaches to
solving environmental pollution problems!’- 6 10-211 |t js well
known that photogenerated carriers of semiconductors react
with a water molecule to form hydroxyl radical for oxidation
of the organic dyes. Significantly, metal oxide semiconduct-
ors have been demonstrated in photocatalytic application
due to their potential characteristics, including high degrada-
tion efficiency, environment friendly, thermal stability, abund-
ance, environment friendly, recyclable visible-light photocata-
lysis and low-cost products!’ 7: 13 22271, Among them, hemat-
ite (a-Fe,03) has been investigated extensively because they
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Table 1. The parameters of Sn doped to a-Fe, 03 nanoparticles and their degradation characteristics.

Sn Average BET Unit cell parameter (A) Degradation
. . E Congored .

Sample concentration  crystallite surface area (egV) (mg/L) efficiency

(%) size (nm) (m2/g) a < g (%)
Sn-a-Fe,03-51 0.0 20.35 26.4656 2.57 5.0237 13.6904 10 84.6
Sn-a-Fe,05—-S52 1.0 19.82 27.0181 248 5.0271 13.7046 10 69.2
Sn-a-Fe,05—-S3 2.5 15.89 31.1234 2.46 5.0237 13.7346 10 97.8
Sn-a-Fe,0;-54 4.0 21.74 259516 240 5.0351 13.7411 10 81.8

possess many attractive features, such as ease in handling,
chemical stability, nontoxicity, an environment-friendly
product, high resistance to corrosion features and the most
stable iron oxide under ambient conditions!!, 7. 12, 13, 24, 28-30],
The a-Fe,03; can absorb visible light since it has a narrow
bandgap (E; = 2.1 eV) compared to TiO, ZnO, WO;
materials'4 16,19, 31,321 |t has shown interesting morphology-
dependent optical and electrical properties for desired applica-
tions. These characteristics make it attractive for photocatalyt-
ic degradation of organic dyes under visible light irradiation.
However, a-Fe,03 has some disadvantages for photocatalytic
application such as rapid recombination rates of charge carri-
ers, short hole diffusion length, short carrier lifetime and poor
light absorption near the band edge and oxygen evolution re-
action kinetics!'3:15.33-36], Therefore, the development of differ-
ent nanostructures and the modification of their structure via
elemental doping (as Si, Ti, Al, Mg, Cu, Zn, Mo, Cr, Se, and Sn)
are effective approaches to overcome these limitations and en-
hance photocatalyst efficiency”. 13,15, 20, 23,29, 34, 37-391, Signific-
antly, Sn-doped hematite (Sn-a-Fe,03) nanostructures for pho-
tocatalytic applications have shown enhanced photocatalytic
activityl's 251, Because the difference of ionic radius of Sn (158
pm) and Fe (126 pm) is not too large, Sn-doped hematite is
an electron donor, which has reduced bandgap energy and in-
creased the carrier density compared to a-Fe,O3 structure
due to the substitution of Sn*+4 for Fe+3. Sn-a-Fe,O3 nanostruc-
ture also has a higher surface area and improved electrical
properties, which generates more hydroxyl radical (OH") for en-
hancing photocatalyst properties. Thus, many approaches
have been reported to successfully synthesize a-Fe,03, includ-
ing co-precipitation37] electrodeposition techniquel24 49,
solution combustion synthesis25] hydrothermall's: 4. 42],
sol-gel [28], and solvothermall*3-451, Herein, the hydrothermal
synthesis has great advantages in synthesizing metal oxide
crystals through low reaction temperature, low-cost produc-
tion with high-quality crystals and simple equipment. Espe-
cially, this method may synthesis a larger amount of materi-
als in semi-industry sections with different structures, a large
area and complex (polymer, inorganic) substrates(42],

Recently, Popov et al*dl reported photocatalytic activity
of Sn-doped a-Fe,0; which synthesized by hydrothermal meth-
od with a high doping concentration (5%-15% of Sn). Their
study showed that Sn-doped a-Fe,03; NPs containing a high
Sn molar lead to a decreased photocatalytic activity by re-
duced surface area, as well as increased defect sites which res-
ulted in a higher concentration of traps in defect sites and
grain boundaries suitable for the recombination of the photo-
generated charge carriers.

In this study, we report a facile one-step hydrothermal ap-
proach for the synthesis of Sn-doped hematite nanoparticles
(Sn-a-Fe,05 NPs) with dilute concentrations (from 0%-4.0%

of Sn). The dopant concentration effect of hematite nano-
particles on the structural and optical properties has been ex-
amined. The photocatalytic activity of the samples was invest-
igated through the degradation of CR under visible light irradi-
ation. Furthermore, we suggest the potential application of
Sn-a-Fe,0; nanoparticles with high photodegradation effi-
ciency in visible-light photocatalysis towards organic contamin-
ants.

2. Experimental

2.1. Preparation of Sn-doped a-Fe,03; nanoparticles

All of the reagents were of analytical grade and used
without further purification. In a typical experiment,
Fe(NOs);-9H,0 (4.5 mM), (NH,),CO (0.6 mM) and CgH;,04
(4.0 mM) were dissolved in 80 mL of deionized water (DI) un-
der magnetic stirring for 15 min to form a brown solution.
SnCl,-2H,0 was dissolved completely in a minimal amount of
distilled water, and then added to the above solution with dif-
ferent Sn concentrations of 0%, 1.0%, 2.5% and 4.0%. Magnet-
ic stirring was maintained for a further 15 min at ambient tem-
perature. After that, the mixture was transferred into the
100 mL Teflon-lined autoclave, which was heated and main-
tained at 180 °C for 10 h. After the reaction, the autoclave
was cooled to room temperature naturally. The resulting pre-
cipitates were collected by centrifugation then washed sever-
al times with deionized water and ethanol. Finally, the
products were obtained by dried at 60 °C for 24 h in an oven.
The samples fabricated with different molar ratios of Sn and
Fe, including 0%, 1.0%, 2.5% and 4.0% were named as 0% Sn-
a-Fe,0; (pure a-Fe,03), 1.0% Sn-a-Fe,0; 2.5% Sn-a-Fe,03;
and 4.0% Sn-a-Fe, 05, respectively, as shown in Table 1.

2.2. Characterization of a-Fe,0; nanoparticles

Powder X-ray diffraction (XRD) analysis of the sample
was carried out on a diffractometer (D8 advanced, Bruker
AXS, Germany) with A, ks = 1.54 A at a scanning rate of
0.2° s7' in the 26 range from 20°-70°. The morphology of the
samples was observed with a field emission scanning elec-
tron microscopy (FE-SEM, S-4800, Hitachi, Japan), equipped
with energy-dispersive X-ray spectroscopy (EDS, Horiba). The
optical properties of samples were investigated by UV-Vis ab-
sorbance spectrum on a spectrophotometer (UV-730, Jasco, Ja-
pan). The particle sizes and surface area of the samples were
characterized by the transmission electron microscopy (TEM,
JEM 1010, JEOL) and Brunauer, Emmett and Teller (BET, Micro-
meritics, TriStar |1 3030, version 3.02) techniques.

2.3. Photocatalytic experiments

The photocatalytic activity of the synthesized materials
was measured by degradation of CR dye. The photocatalytic
experiments were carried out in a beaker containing 100 mL
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Fig. 1. (Color online) (a) XRD pattern of a-Fe,0O3; NPs samples. (b) Magnification of (104) plane vs. Sn concentration. (c) 26 position of (104) plane

vs. Sn concentration plot for changing Sn concentration.

aqueous solution of CR dye (10 mg/L) and 30 mg catalyst un-
der constant stirring. The light source was a compact fluores-
cent lamp (105 W, 6500 K), which was placed vertically above
the beaker at a distance of 15 cm. Before irradiation, the sus-
pensions were magnetically stirred in the dark for over 30
min to ensure the adsorption equilibrium of Congo red with
the photocatalyst. At specific time intervals, about 7 mL of
the aliquot solution was withdrawn from the solution mix-
ture and centrifuged to remove the catalyst particles and
then analyzed by spectrophotometer (UV-730, Jasco). The con-
centration of CR dye in each aqueous solution was measured
at maximum absorbance of CR dye (at A,,ax = 500 nm). The de-
gradation ratio was defined as (/C,, where C, represents the
concentration at the adsorption-desorption equilibrium of
the photocatalyst before illumination and C, is the original
concentration of CR and Cis the concentration of CR at time
t. The photocatalytic degradation efficiency (in %) was estim-
ated by below Eq. (1) 91,

Degradation efficiency (%) = [%} x100. (1)

0

3. Results and discussion

Fig. 1 shows XRD patterns of the samples with varying Sn
contents, indicating the crystallinity of the a-Fe,O; phase.
The XRD peaks at 20 = 24.16° 33.17°, 35.64°, 40.9°, 49.48°,
54.09°, 57.45°, 62.43°, and 63.96° correspond to the atomic
planes of (012), (104), (110), (113), (024), (116), (018), (214)
and (030), respectively, of the rhombohedral phase of a-
Fe,03; matching well to JCPDS card N° 033-0664. There are
non-other impurity peaks, which demonstrated that the syn-
thesized materials exhibit high phase purity. As seen in the
Sn-a-Fe,0; samples, a non-other crystalline phase correspond-

ing to tin oxide was observed, indicating that the Sn could be
incorporated into the lattice of a-Fe,0; and the substitution
of Sn did not affect the rhombohedral structure of iron oxide.
However, the atomic plane of (104) position showed a shift to-
wards a lower diffraction angle, while increasing Sn concentra-
tion, as shown in Figs. 1(b) and 1(c). Noted that it looks like a
compressive strain phenomenon to single crystal growth. Evid-
ently, the ionic radius of Sn** (0.69 A is larger than that of
Fe3+ (0.65 A). Thus, the incorporation of Sn ions led to the lar-
ger lattice constant of a-Fe,0;, resulting in lattice deforma-
tion due to the difference between the ionic radius of Sn and
Fe. The average crystallite sizes of pure a-Fe,O; and Sn-
doped a-Fe,0; are calculated based on the (104) diffraction
peak using Debye-Scherrer’s below Eq. (2)

0.89A
D=—
Bcosb’

()

where D is the crystallite size (diameter), A is the wavelength
of X-ray (1.5406 A), B is the value of full width of half-maxim-
um (FWHM), which is expressed in radians, and 6 is the
Bragg’s angle. The average crystallite sizes are estimated as
20.35, 19.82, 15.89 and 21.74 nm for the S1, S2, S3 and S4
samples, respectively. Fig. 2 shows surface morphologies of
the pure a-Fe,0; NPs and Sn doped a-Fe,O5; NPs, which are
uniform and homogeneously distributed. The as-synthesized
a-Fe,03; samples exhibit nanoparticles like spherical struc-
tures. The average diameter of spheres is around 20-70 nm,
as shown in TEM image in Fig. 3(a). The average particle size
is found to be 41.4 nm using image of the J software pack-
age to estimate, as shown in inserted Fig. 3(a). The elemental
compositions of the Sn-doped a-Fe,O; NPs were analyzed
through the energy dispersive X-ray spectroscopy (EDS) tech-
nique. As shown in Fig. 3(b), the EDS spectrum of 2.5% Sn-a-
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Fig. 2. SEM top-view images of a-Fe,03 NPs with varied Sn concentrations as 0% Sn (S1), 1.0% Sn (S52), 2.5% Sn (S3) and 4.0% Sn (S4) samples.
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Fig. 3. (Color online) (a) TEM image and average diameter size, (b) EDS spectrum and (c) FTIR spectrum of the pure a-Fe,0; NPs (S1) and 2.5% Sn-

a-Fe,05 NPs (S3) samples and (d) Raman spectrum of S1-S4 samples.

Fe,03 (sample S3) shows that iron, oxygen, and tin make up
56.2%, 38.51%, and 1.73% in weight, respectively. The weight
ratio of Fe to O is approximately 2 : 3. There is a variation of a
small amount of O element, which comes from both the
sample and absorbed oxygen in air. Besides that, the EDS indic-
ates 3.57% in weight of carbon element, which comes from
the residue of the synthesis process of the a-Fe,0O; com-
pound and carbon tape of the holder to mount EDS sample.
The carbon element will affect the carrier mobility and crystal-
line of the a-Fe,0; compound. To reduce the residual car-

bon, and oxygen, the sample needs to be pre-treated (degass-
ing at high temperature, storage at high vacuum), pure wa-
ter (~18 MQ) and using another tape without any carbon ma-
terial.

We confirm that the organic groups could play a key role
in the formation of the crystalline hematite nanoparticles.
Fig. 3(c) shows the FTIR spectra of a-Fe,05 (S1) and Sn-doped
a-Fe,05 (S3) samples in the range from 350-4000 cm~'. The spe-
ctrum is strong absorption bands at 1092, 1387 and 1637 cm™!
for v(C-0), &,(C-H), v,(COO0), respectivelyl22 47. 48], One weak
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Journal of Semiconductors doi: 10.1088/1674-4926/43/12/122001 5

S1

Absorbance (a. u.)

200 300 400 500 600 700 800 20 o4
Wavelength (nm)

o (d)

£ .

2 S3

36

=)

i

X

o 3

2

<

3

~ 2.46 eV
050 24 28 32 36

hv (eV)

)| =, (c)
§
; S2
C
5
—1
X
=)
<
2
2.57 eV ) 2.48 eV
28 32 36 0 20 24 28 32 36
hv (eV) hv (eV)
o (e)
£
S
>
C
S 4
—
X
’52
<
3
> 240eV
20 24 28 32 36
hv (eV)

Fig. 4. (Color online) (a) The absorption spectra of a-Fe,03 NPs for varying Sn concentration (0%, 1.0%, 2.5% and 4.0%), and (ahv)? vs. energy plot
for calculation of bandgap of different Sn—doping concentrations a-Fe,03; NPs for (b) 0% Sn (S1), (c) 1.0% Sn (S2), (d) 2.5% Sn (S3), (e) 4.0% Sn (54)

samples, respectively.

band at 2930 cm™' is considered to come from asymmetric
methylene (-CHs) stretching model*8l, The existence of these
peaks are characteristics of organic groups during synthes-
ized a-Fe,O3 NPs, indicating the absence of residual groups.
Significantly, the other strong absorption band between
(542-522 cm~' and 484-434 cm™") is attributed to stretching
vibration of v, (Fe-0) bond*3. 44, The effect of Sn on a-Fe,04
shows the light shifting absorption Fe-O bands to low fre-
quency region. However, the strong absorption bands in the
range of 400-650 cm~" are still from the inherent lattice vibra-
tion of a-Fe,05; material.

Fig. 3(d) presents the Raman spectra for both the un-
doped and Sn-doped a-Fe,O; NPs, which confirm the Fe-O
bonds in symmetric and asymmetric direction, bending of
Fe-O-Fe bond paths, bending of stretching movement of
FeOg units, as well as Sn-doped hematite NPs, respectively.
For hematite crystal, Raman active modes are indicated phon-
on vibrational modes at the first Brillouin zone center as in
Eq. (3)

Fopt. = 2A1g + 2Ay + 3Ayg + 24, + 5E4 + 4E,,, (3)

where A;, modes are acoustic, A,, modes are optically silent,
symmetrical A4 and E; modes are Raman active, and the anti-
symmetric E, mode is infrared active. The result shows two
peaks at 219.3 and 513.4 cm~! corresponding to A;4 modes,
while three peaks at 282.2, 414.5, and 609.2 cm~! were as-
signed to Eq modes in crystal hematitel4>->3.. One of the longit-
udinal optical lines located at 656.6 cm-! (E,) was infrared act-
ive due to the resonance enhancement mechanism!>3], As can
be seen, the relative intensity of 609.2 and 656.6 cm~' peak
with Sn-doped increased while Sn concentration increased.
The increase in intensity of these peaks was attributed to
Fe3+* substituted by Sn** in hematite. Because of the incorpora-
tion of Sn** dopants of high atomic weight concentration,
the symmetry of hematite lattice can break or phase was in dis-
order. Meanwhile, using intensity ratio (609 cm-1/656 cm~')

with various Sn concentration (0-4%) also indicates the Sn-
doping in hematite structure.

Fig. 4 shows the absorption property of the as-synthes-
ized a-Fe,05; NPs with varying Sn concentrations at room tem-
perature. The bandgap of hematite can be calculated via the
Tauc’s plot ([F(R.,)hv]"?, n =2 vs. band energy), using the Ku-
bellka-Munk model, and following by Eq. (4):

(ahv)’ = C (hv - Eg), (4)

where C, a, E5 and hv are proportional constant, absorption
coefficient, bandgap and photon energy, respectively. The
bandgap can be obtained by extrapolating the linear portion
of the plot of (ahv)? vs. hv to a = 0. The value of E; for a-
Fe,O; compounds are evaluated as 2.57, 2.48, 2.46 eV and
2.40 eV for S1, S2, S3 and S4 samples, respectively, which is lar-
ger than that of bulk a-Fe,0; (1.9 to 2.2 eV), as shown in
Figs. 4(b)-4(e). These values are an argument to previous re-
ports on hematite nanostructures('0: 12, 23, 25,29, 311 The larger
bandgap energy of the a-Fe,03; NPs was attributed to the de-
creasing particle size due to the confinement quantum ef-
fect of a low dimensional system[28 411, The absorption spec-
trum of all of the samples indicated the direct transition
bandgaps. The Sn-concentration dependent absorption edge
of as-prepared a-Fe,O3; NPs exhibited a slight redshift toward
the long wavelength, which is in an agreement with the pho-
tocatalytic activity of a-Fe, 05 under light illumination. This phe-
nomenon was attributed to the effect of modified energy
level of electron density of states (EDS) on the bottom of the
conduction band leading to lower energy level of EDS, which
exhibits a shifting absorption edge to a long wavelength.

The photocatalytic activity of the as-prepared a-Fe,0;
NPs was examined by the photodegradation of the CR dye in
an aqueous solution (10 mg/L). Fig. 5 displays the adsorption
spectra of the CR dye aqueous solution with 0.03 mg of cata-
lyst (hematite nanoparticles) under visible light irradiation.
The absorption spectrum of CR dye exhibits two peaks at 500

V N Lam et al.: One-step hydrothermal synthesis of Sn-doped a-Fe,03; nanoparticles for ......
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Fig. 5. (Color online) UV-Vis absorption spectra of Congo red during different stage (at 15, and 30 min interval) of photocatalytic reaction of a-
Fe,03 NPs with varied Sn doping concentration as (a) 0% Sn (S1), (b) 1.0% Sn (S2), (c) 2.5% Sn (S3) and (d) 4.0% Sn (S4) samples.

and 344 nm for azo bonds and benzene and naphthalene
rings, respectively,

From S1 to S4 sample, the absorption intensity of the CR
dye at 500 nm was rapidly decreased, while the irradiation
time increased, as shown in Figs. 5(a)-5(d). At 500 nm, the ab-
sorption intensity reduced from 0.403 (at t = 0 min) to 0.022
(at t = 120 min) under light illumination. The degradations of
CR dye by a-Fe,03; NPs were 72.9%, 69.2%, 97.8%, and 82.9% at
120 min of irradiation time for S1, S2, S3, and S4 as a catalyst,
respectively. This peak disappeared almost completely after
120 min of irradiation. This result confirms that the degrada-
tion of CR dye improves with an increase in the visible light ex-
posure time under the presence of a-Fe,03; NPs (catalyst). As
can be seen, the CR dye was decomposed almost completely
in the presence of 2.5% Sn-a-Fe,O; NPs (S3 sample) catalyst
compared to other catalysts after 120 min light exposure
time. This phenomenon was attributed to the increase in the
number of active sites on the surface of a-Fe,O; NPs. Evid-
ently, the catalyst with a high surface area enhances the pos-
sibility of interaction of the active sites of a-Fe,0; NPs with
the dye molecules, leading to improved degradation effi-
ciency?9, Also, the semiconductor with a higher bandgap
(Eq = 2.4-2.6 eV) might keep the separation of electrons and
holes for longer time under absorbing light, therefore redu-
cing the probability of their recombination>4,

Fig. 6(a) shows the investigated photocatalytic perform-
ance of the Sn-a-Fe,0; NPs catalysts via the CR dye, using a cal-
ibration curve of the CR dye (absorbance vs. concentration)
to determine the concentration of unknown samples. To gain
quantitative insight into the reaction kinetics of CR degrada-
tion, a first-order model was applied to fit the experimental
data of Fig. 6(a) and the fitted plots of all the samples,
namely the plot of the irradiation time (f) against In(C,/0),
have shown a shape of a straight line. Accordingly, the reac-

V N Lam et al.: One-step hydrothermal synthesis of Sn-doped a-Fe,03; nanoparticles for

tion constant k values can help evaluate the degradation
rates as well as degradation efficiency of CR dye, as seen in
Fig. 6(b). This result indicates the highest performance dur-
ing the degradation of CR of the S3 sample with a k value of
0.02831 min~', which is 2.6-fold higher than that of the S1
sample (0.01107 min~). Therefore, the presence of Sn in the
synthesized a-Fe,03 NPs sample can be confirmed to en-
hance performance in photocatalytic degradation over CR.
There is no degradation of CR dye after 90 min irradiation
without the photocatalyst in the CR dye solution, indicating
the CR dye has long-term stability. Note that the CR dye can-
not be easily degraded by light irradiation. In contrast, when
the a-Fe, 05 NPs photocatalysts were added to the CR dye solu-
tion, the degradation of the CR dye could be accelerated obvi-
ously. At low Sn concentration, the degradation efficiency of
S2 sample was not much different from that of S1 sample
(pure a-Fe,05 NPs) since there is no effect of Sn on carrier mo-
bility and conductivity of hematite. It was clearly observed
that with increasing the amount of Sn-doped to a-Fe,03 NPs,
the degradation efficiency of CR dye also increased. The de-
gradation efficiency of the CR dye reached 82.9%-97.8% after
120 min of irradiation, suggesting that a-Fe,O3 NPs are effect-
ive and promising photocatalysts in visible-light. Especially,
Sn-a-Fe,0; NPs catalyst (with 2.5% of concentration, S3)
showed the highest degradation efficiency of 97.8% com-
pared to other variants due to more effectively active sites.
The Sn-a-Fe,0; NPs based CR dye degradation efficiency was
5-8 times higher than that of other reportsB ¢ 551 under radi-
ation. This result confirms that significantly enhanced degrada-
tion efficiency of CR dye at the same illumination time, while
the amount of catalyst as well as structure of the a-Fe,03 are
equal, as shown in Table 2. The highest photocatalytic degrada-
tion rate for the S3 catalyst sample was probably ascribed to
the fact that the S3 sample had the lowest absorption intens-

......



(a)

1.0+ "'O""@Hc»?

——

0.8 Congo red Dye

. 0.6
@)
~
Y 044
°S2
0.2
1 A o8l
Lighton A . =54
0.0 : 433

40 20 0 20 40 60 80 100 120 140

Irradiation time (min)

Journal of Semiconductors doi: 10.1088/1674-4926/43/12/122001 7

5
(b) Rgd:uchcm N

41
QO 3 I Oxidation 2l
@)
T [ka-001354
— 2 k3 = 002831

k2 =0.0091
1|k1=0.01107

1] 1 1 L L 1 1 L 1
40 20 ¢ 20 40 60 80 100 120

Irradiation time (min)

Fig. 6. (Color online) (a) Effect of Sn-a-Fe,05; NPs catalyst dosage on photodegradation efficiency of CR dye solution. (b) Plot of In (C,/C) as a func-
tion of irradiation time for photocatalysis of Congo red solution containing: a-Fe,0; and Sn-doped a-Fe,O3 NPs.

Table 2. Compression of photocatalyst characteristics of a-Fe,0; and other materials to varying organic dyes.

Particle Dopant Weight Irradiation Degradation
Photocatalyst size Dyes concentration  catalyst time efficiency Ref.
(nm) (%) (mg) (min) (%)
Sn/a-Fe,0; nanoparticles  41.4 Congored 25 30 120 97.8 This work
Sn/a-Fe,03 nanoparticles 12 Methylene blue 5.0 50 90 94.7 [10]
a-Fe,05/ASCM 50 95 400 100 100 [6]
nanoparticles
3,5 diacrylamidobenzoic - Congored - 280 1440 92.03 [8]
acid based resin
Ni;_yM,Fe,0; nanosheets  20-24 Congored 10 10 300 97 [49]
2, 2"-bpy/a-Fe;,05-S 80, 300 Bisphenol A - 50 360 95.2 [12]
nanorods
Ni/a-Fe,0; nanoparticles 35 Rose bengal 4.0 50 90 80.0 [13]
y-Fe, 05 nanoparticles 35 Methylene blue - 25 40 98.9 [10]
a-Fe,0; nanoparticles 27 Rose bengal - 15 135 98.0 [30]

ity at 344 nm in the near infrared region in Fig. 5(c), and crystal-
lite size of 15.89 nm is suitable to enhance absorption ability
of CR dye molecules on the surface for photocatalytic degrada-
tion compared to other crystallite sizes. Meanwhile, the 2.5%
Sn-a-Fe,0; NPs sample was considered as the optimal
amount of Sn-doped into the lattice of a-Fe,0; NPs catalyst,
enhancing the ability to absorb light in the visible-light re-
gion and reducing the recombination process of
electron-hole pairs!'> 56. 571, This result can be attributed to
the incorporation of Sn** at Fe3* sites of a-Fe,O; NPs, caus-
ing an n-fold enhancement in the optical absorption coeffi-
cient of hematite due to the energy level below the conduc-
tion band and reduced energy bandgap (from 2.57 to 2.40
eV) of hematitel2> 46, 56601, The reduced charge carrier trap-
ping and recombination rate of e~/h* pairs, as well as im-
proved carrier transfer rate in a-Fe,O; NPs resulted in a
longer lifetime of photogenerated electrons from
hematitel®], thus enhancing degradation efficiency of CR dye
using Sn-a-Fe,03 NPs catalyst.

The Sn-doped hematite structures have shown the im-
provement in the electrical conductivity via a polaron hop-
ping mechanisml'> 62 61 When dopant Sn concentration
was high, the Sn-doped hematite NPs’ conductivity redu-
ced and its recombination rate of e/h* pairs increased due
to the high defect density and the presence of disorder
phase (possible presence of FeO)5%, forming trapping sites to

charge carrierl>2 58 60, 641 This leads to decrease in photode-
gradation efficiency of CR dye using high concentration of Sn
dopant (54 catalyst) compared to S3 sample. The Sn-doped
a-Fe,03 NPs generates higher concentration of hydroxyl radic-
al (OH) and O, at the surface of hematite nanoparticles('?,
and then CR dye is oxidized by OH* to degradation products,
as seen in Egs. (6)-(14)1": 19, The degradation process of CR

dye could be described as in Fig. 6(b) and following equa-
tion5[1,6,10,17,18,25]:

CR-SOzNa 2% CR-SO; + Na', (5)
a-Fe,0;, 2% a-Fe,05 (h*)+e”, (6)
H,0 - H" +OH, (7

OH +h" = OH’, (8)

CR-SO; + OH - Degradation products, (9)
O,+e - 05, (10)

0, +2H"+2e™ - H,0,, (11)
H,0,+2¢” - HO™ +OH’, (12)

V N Lam et al.: One-step hydrothermal synthesis of Sn-doped a-Fe,03; nanoparticles for ......
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OH +h* - OH’, (13)

CR-SO; + OH - Degradation products. (14)

According to Eq. (6), the anionic diazo of CR dye is dis-
solved and ionized out an anion of sulfonate group (CR-SO3")
in the aqueous solution. Under light illumination, the sche-
matic shows that an electron is acquired the energy of a
photon to move from the valance band (VB) to the conduc-
tion band (CB) of the a-Fe,0; NPs semiconductor, and a hole
is simultaneously left behind in the VB, as seen in Eq. (7). At
the VB, this hole migrates to the surface of a-Fe,0; NPs and re-
acts with H,0 molecule, to generate hydroxyl radical (OH") for
oxidation of dye, as seen in Egs. (9) and (10). In addition, the
absorbed O, molecules react with electrons (e~) and H* ions
to form hydroxyl radical (OH’) at the CB, as in Eq. (11)-(13).
The anion sulfonate groups (CR-SO;) are absorbed on the
surface of a-Fe,0; NP and oxidized by OH* to form the degrad-
ation products, as in Egs. (10) and (14). Note that the higher
density of OH' causes many successive reactions of the pho-
tocatalyst degradation process, leading to decompose CR
dye molecules with high degradation efficiency. This kinetic
mechanism has been clearly understood and explained, else-
Where“r 6,10,17, 18]_

4. Conclusion

In summary, Sn-doped a-Fe,03 nanoparticles (Sn-a-Fe,05
NPs) were prepared using one-step hydrothermal method.
The morphological and structural characterizations revealed
that the a-Fe,O3 NPs composed of spherical-like shape with
homogenous distribution and processed hematite crystal
phase. Dopant-concentration-dependent bandgap of hemat-
ite nanoparticle exhibited redshift from 2.57 to 2.40 eV while
Sn concentration was varied from 0%-4.0%, respectively. The
Sn-a-Fe,0; NPs performance showed higher photocatalytic
activity than that of pure a-Fe,0; NPs, under visible-light irra-
diation. The Sn-a-Fe,03 NPs catalyst with 2.5% concentration
gave the highest degradation efficiency of 97.8 % for CR dye
after 120 min of visible-light irradiation. These results sug-
gest that the Sn-a-Fe,03 NPs based catalyst is a potential pho-
tocatalyst in dye wastewater treatment.
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