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ABSTRACT: Because of a rapidly growing need for water, it is essential to find new 104
fast and reliable ways of water purification from organic pollutants. For removing

organic azo dyes from water, various catalysts and photocatalysts have been designed 0.8
to meet crucial water needs. In this study tin (Sn) doped bismuth ferrite (BFO) o
nanoparticles have been synthesized using the sol—gel technique. Further, BESO/GNP © 0.6
nanohybrids were synthesized by mixing BFSO nanoparticles with graphene «
nanoplatelets (GNPs) via a simple and cost effective coprecipitation process. XRD
and SEM showed that BESO/GNP nanohybrids are well grown in crystal structure
along with uniform and homogeneous morphology. XPS supported the elemental
composition and interface bonding of both materials present inside the nanohybrids.
DRS and catalytic activities showed that BESO/GNP nanohybrids are both dark and 7 ———————————
: . : ; i fonn : . . 120 0 20 40 60 80 100 120
light active species for performing dye degradation activities during water purification. Irradiation time (min)
The as-synthesized nanohybrids provided efficient dye removal from water even in the

absence of light owing to the presence of defects and trap-state carriers (electrons) inside the graphene sheets. The optimized
nanohybrid BFSO-15/GNP showed 100% dye removal in 60 min with 90% catalytic activity under dark. The recyclability test
showed stable and repeatable performance of BESO/GNP nanohybrids up to 10 cycles of catalytic activities.
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B INTRODUCTION The first ever semiconducting photocatalysts in this field
were titanium oxide (TiO,) and zinc oxide (ZnO), having
band gaps in the range of 3.2 €V—3.4 eV.>® These materials
were UV light active and played their role in removing organic
dyes including Congo red (CR), methylene blue, and
methylene orange as well as benzidine under light
irradiation.””” All these azo dyes have been excessively used
by industries since ancient times, and they are difficult to
separate from water molecules. So, a need to design visible
light driven photocatalysts resulted. The sun is an abundant
light source on earth and can be used to purify water on a large
scale in a very economical cost-effective way.'’ Hence, with the
band gap tuning of initial semiconductors, bismuth ferrite
(BiFeO;/BFO) became a fascinating candidate in the
photocatalysis field.""'> BFO belongs to the perovskite
ABO3 type multiferroic materials with a band gap of 2.01
eV."? The exceptional characteristics of this material made it a
potential candidate in many scientific applications.'*™"¢

The rapid growing population in today’s world is also causing
an accelerated industrial growth, because of which organic dye
consumption is rapidly increasing day by day." The removal of
these colored pollutants from water is a real challenge for
researchers, as these dyes bond strongly with the water
molecules and are carcinogenic for human life. The removal of
these toxic elements from water is usually followed by
photocatalysis. The photocatalysis is a light driven phenom-
enon in which ultraviolet (UV), infrared (IR), or visible light is
used to activate the purification process in semiconducting
photocatalysts, and as a result of these chain reactions carbon
dioxide (CO,) and water (H,0) are formed as end products.”
The catalytic by-products are harmless to human life and can
further be processed for water splitting (H, fuel generation)
and CO, reduction phenomenon. The expanding need of
water is creating an urgency in the scientific field to purify
water in a shorter period to meet the world’s water
requirements. With this a new field of catalysis emerges in
which researchers are designing the catalysts that no longer
need light to perform their action for water purification.”
These materials can start catalytic reactions even in the dark
for the removal of organic pollutants. Hence, water can be
purified even in the night time when there is no sun and can be
provided to the population during day time.”*
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Figure 1. Synthesis scheme for BESO/GNP nanoplatelets.
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Further it has been proven that, with doping, the bandgap of
these materials can be modified to perform an efficient
photocatalytic activity.'”~'” Different ions have been doped
inside the A and B sites of BFO to compensate for the
challenges related to defects (Bi and O vacancies) as well as Fe
ions valence fluctuations. Among these Tin (Sn*") has also
been investigated to reduce the overall leakage current of the
BFO structure and to improve its magnetic moment.”’ The
substitution of Sn at B sites of BFO can satisfy the Fe
fluctuations and vacancies to improve the overall electrical
properties.”’ Also Sn addition inside BFO acts to modify its
band gap and makes it a good photocatalyst under visible
light.”*

Graphene on the other hand is also a two-dimensional (2D)
material which has been proven to be an excellent photo-
catalyst upon makin§ heterojunctions or hybrid structures with
other materials.”*~”° Different oxides and other 2D structures
on combining with the graphene provided enhanced photo-
catalytic and photocurrent responses in the literature.”” " The
graphene enhanced surface area and metallic character
facilitate the carrier mobility as well as strengthen the
photoresponse of the material toward light or electric field.*’
Fast and high performance photocatalysts must possess the
essential characteristics of a suitable band gap for absorbing
visible light, low carrier recombination rate, and high surface
area for increased carrier activity toward active sites of
catalysts, for which new and improved heterojunctions have
been extensively investigated.”' ~>* Moreover, recently different
materials with all these characteristics including ABO3-type
CaSrCuO,™ copper sulfide CuS,** and Ag—In—Ni—S nano-
particles®” etc. have been studied in trials to perform water
purification under dark. These catalysts proved to be efficient
for organic pollutant removal in the absence of light.

Herein, we have synthesized BFO nanoparticles and then
doped them with tin (Sn) to synthesize BFSO nanoparticles.
After which the BFSO nanohybrids were formed with
graphene nanoplatelets (GNP) using the coprecipitation
method to check the catalytic performance of these hybrids
under dark and light conditions. The hybrid structures were
grown in a uniform morphology and possessed stable crystal
structure. It was seen that the synthesized catalysts were active
under both light as well as dark conditions and showed
excellent organic pollutant purification in the absence of light.

B EXPERIMENTAL PROTOCOLS

Materials. Bismuth and iron nitrate salts (99% pure), tin
powder, deionized water (DI), filter membrane (0.2 um),
ethylene glycol (>99%), acetic acid (>99.5%), graphene
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nanoplatelets (GNP) (A-12, Graphene Supermarket) and
Congo red (commercially available) were used.

Synthesis of BFSO/GNP Nanohybrids. Ferrite salts were
subjected to the sol—gel method for synthesizing BFSO
nanoparticles.”” The tin (Sn) powder was added as dopant to
replace iron (Fe) atoms with a varying concentration of (5% to
25%) in a general ABO3 formula representing BiFe;_,Sn, O,
where x &~ 0.05—0.25. The synthesized nanoparticles were
named as BFSO-5 (5% Sn), BFSO-10 (10% Sn), BFSO-15
(15% Sn), BFSO-20 (20% Sn), and BFSO-25 (25% Sn),
respectively. Using all the atomic weights (Bi &~ 208 g/mol, Fe
~ 55.8 g/mol, Sn ~ 118 g/mol, and O =~ 16 g/mol) and
putting them into the equation BiFe, ,SnO; for x = 0.05
(5%), a 0.008 M solution of BFSO nanoparticles was prepared
by immersing 2.3 mg/mL BFSO nanoparticles in a 1:1 volume
ratio of ethylene glycol (EG) and acetic acid. The BESO
powder was completely dissolved inside the solvent under
sonication for half hour at 65 °C as shown in Figure 1. The
same method was followed for preparing solvent solutions for
the rest of the Sn percentages of BFSO nanoparticles.
Graphene nanoplatelets (1 mg/mL) were added to deionized
water (DI) under sonication for 3 h so that the GNP clusters
could make a uniform dispersion in the DI. Then both the
mixtures were mixed on a hot plate with continuous stirring
under 85 °C for 1 h. The chemical reaction occurred, and
hybrid precipitates were allowed to settle in the solvent. When
the hybrid precipitates reached room temperature, they were
washed using DI water, vacuum filtered, and the final product
was vacuum-dried under 70 °C for overnight.

Characterization Techniques. The synthesized hybrid
structures were than subjected to crystal structure analysis with
Cu—Ka X-ray DRON-8 diffractometer. JEOL JSM-6490A
scanning electron microscope (SEM) was used to analyze the
topography and structure morphology of hybrid structures at
an accelerating voltage of 3 keV. An Escalab-250 X-ray
photoelectron (XPS) spectrometer helped in studying the
interface bonding of material. For catalytic activity under dark,
the azo dye Congo red (CR) was dissolved at a 100 mg/L
water and stirred under dark for 120 min to achieve stable
solution properties. This stirring was done at a constant normal
room temperature to avoid dye degradation due to thermal
effects. For catalytic activity under light, the dye mixture was
subjected to UV-spectrophotometer (3310 Tokyo, Japan)
along with a xenon lamp of 300 W power. After every half hour
of photocatalytic activity, 3 mL of solution was taken out to
separate the nanohybrids via centrifugation to further check
their dye removal ability.
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Figure 2. Illustration of XRD results of (a) graphene nanoplatelets (GNPs) and (b) BFO/GNP as well as BESO/GNP nanohybrids with varying

concentration of Sn from 5% to 25%.

Figure 3. SEM images of (a) BFO/GNP nanohybrids along with (b—f) BFSO-5/GNP, BFSO-10/GNP, BFSO-15/GNP, BFSO-20/GNP, and

BFSO-25/GNP.

B RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis of graphene nanoplatelets
(GNPs) is shown in Figure 2a. A peak at 26.4° can be seen
inside the XRD plot corresponding to the pristine graphite
structure with a (002) hkl plane from which the GNPs have
been synthesized via thermal exfoliation process.’® As the big
three-dimensional (3D) clusters of graphite have been reduced
to small platelets of 2D graphene under thermal treatment, the
peak sharpness has been reduced with an increase in its width.
This corresponds to a decrement in structure crystallinity with
the introduction of disorder inside the sheet structure of
graphene due to exfoliation.””*’ The d-spacing of the GNP
structure has been increased up to 3.34 A along with the
particle size of ~35 nm. The particle size gives us the
information on total number of stacked graphene sheets inside
one platelet which has been estimated as 24 sheets inside one
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GNP. Further, in Figure 2b the XRD patterns of all the hybrids
have been illustrated. Inside BFO/GNP nanohybrids a clear
peak of graphene (002) plane can be seen along with all the
BFO peaks verifying the presence of graphene as well as BFO
particles inside the crystal structure. Moreover, all the BFO
(hkl) faces corresponding to their diffraction angles have been
mentioned inside the XRD plots. In the XRD of BESO-5/GNP
the peak doublet corresponding to (104) and (110) started
merging into one single peak due to the replacement of Fe
atoms with Sn.”* The ionic size of the Sn is greater than that of
Fe which causes the unit cell expansion as well as the merging
of the BFO doublet inside BFSO/GNP nanohybrids. The
intensity of this single peak is increased as the tin
concentration increases up to 20% and then decreased inside
BFSO-25/GNP due to excessive Sn loading. The width of all
the peaks has been increased with the increased Sn

https://doi.org/10.1021/acsomega.2c04971
ACS Omega 2023, 8, 3736—3744
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Figure 4. (a) XPS spectra of BFSO/GNP nanohybrid structure and (b—f) the deconvolution of Bi4f, Fe2p, Sn3d, C1s as well as O1s XPS peaks.

concentration. Also, the two-impurity phase that corresponds
to Bi,Fe,Oy originating from the BFO pristine phase has
become prominent while moving from BFSO-5/GNP towards
the BFSO-25/GNP. The increase in peak width along with the
dominance of the impurity phase represents low crystallinity
with increased atom disarrangement. The GNP (002) hkl
plane is present inside all the nanohybrids along with a slight
backward shift from 5% Sn to 25% Sn loading, corresponding
to a further decrease in particle size of nanohybrids as
compared to nanoparticles. The calculated particle size from
XRD for BFO/GNP is 21.5 nm, while for BESO-5/GNP to
BFSO-25/GNP it is 23 nm, 22 nm, 20 nm, 19 nm, and 18.3
nm. Hence reduced particle size along with the structure
crystallinity would make these nanohybrids more photoactive
for catalysis reactions, which has already been investigated in
the same type of ABO3 systems.""

The morphological analysis of nanohybrids is shown in SEM
images presented inside Figure 3a—f at a scale of 200 nm. The
dark gray sheet-like structure corresponds to the graphene
sheets inside GNPs, while the white brittle clusters correlate to
BFO and BFSO nanoparticles. The presence of both forms
inside the SEM images is clear proof of nanohybrid formation
during synthesis. In BFO/GNP and BFSO-5/GNP nano-
hybrids the white clusters of nanoparticles are relatively bigger
while in Figure 3c—e upon increasing the tin loading from 10%
to 20% the white clusters are small showing the uniform
distribution of BFSO nanoparticles over graphene sheets.
While again in BFSO-25/GNP the big nanoparticle clusters
refer to excessive loading of Sn which is consistent with the
XRD results. A transparent icy effect inside the SEM images
can be seen that is due to the GNP loading inside the
nanohybrids. GNPs are like a graphene flake in which few
graphene sheets are stacked over one another, and with the
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insertion of BFSO nanoparticles over and in between these
stacked sheets, a transparent icy effect in the SEM images
results.”’

Moreover, the X-ray photoelectron spectroscopy (XPS)
analysis plot of BESO/GNP is shown inside the Figure 4(a) to
provide the information regarding compositional elements and
the bonding in between these elements. All the Bi 4f, Bi 4d,
and Bi 5d peaks are there to show its presence along with the
Fe 2p peak.”*” The doping phase of tin is also present in the
form of Sn 3d to show Fe’" replacement with Sn*.>** The
presence of C 1s and O 1s peaks inside XPS further helps in
analyzing the elemental bonding inside nanohybrids. The
deconvolution of all the peaks related to Bi, Fe, Sn, C and O
has been shown in Figure 4b—f. In the figure, bismuth Bi 4f;
and Bi 4f;,, are present at 158.5 and 163.8 eV while the Fe
corresponding peaks represent Fe** and Fe®" at 710, 715, and
725 eV.* The replacement of Sn provided Sn 3d;,, as well as
Sn 3d,,, at 486 and 495 eV (Figure 4d). The Fe®* region is
bonded with oxygen inside the structure, while with Sn
substitution the peak corresponding to Sn 3ds/, represented
oxygen bonding inside the crystal structure.””** Inside C Is
deconvolution spectra two peaks can be seen corresponding to
C=C bonding due to the presence of GNPs inside the hybrid
structure as well as the C—O linkage of graphene carbon
structure with the BFSO nanoparticles via oxygen.”*’ This
interface bonding is further confirmed by the magnification of
the O 1s peak (Figure 4f), whose existence at 531 €V is due to
shifting of oxygen peak of BFSO nanoparticles from 529 eV to
a forward position.” This shift occurs because of interface
linkage of both structures (BFSO and GNPs) in the form of
BFSO/GNP nanohybrids. The absence of any extra impurity
form or oxygen containing group is a proof of impurity
elimination during the careful synthesis process.
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Figure 5. (a) UV—vis diffusion reflectance absorption spectra of BFO, BEFO/GNP, BFSO-5/GNP, BESO-10/GNP, BFSO-15/GNP, BFSO-20/
GNP, and BFSO-25/GNP; (b) representation of Tauc plots of respective nanohybrids for band gap calculations.

The band gap analysis for the nanohybrids was also done to
check whether the band gap of these structures is suitable for
visible light photocatalytic activity or not. For this purpose,
UV—vis diffusive reflective spectroscopy (DRS) was performed
and is shown in Figure S. The absorption for BFO is greater in
the UV region but lower in the visible region as its band gap,
which is approximately equal to 2.02 eV, is favorable for the
UV region. While in BFO/GNP and BESO/GNP nanohybrids
the absorption is equally uniform for the whole spectral range
(300 to 700 nm), which makes them favorable for the UV as
well as the visible light range. Also, when the data are resolved
into Tauc plots (shown in Figure 5b), it shows that with the Sn
loading and GNP addition the band gap is reduced in
comparison to that of BFO. The band gaps of the nanohybrids
lie in between the range of 1.75 to 1.94 eV. The trend is
consistent with already published studies.”””** Hence the
tuning of the band gap enables the nanohybrids to absorb a
broader range of light spectrum to perform as good
photocatalysts.

Photoluminescence (PL) spectroscopy has also been
performed, and the plots are shown in Figure 6. PL intensity
gives us information regarding the charge carrier recombina-
tion and separation rates, as well as indicating photocatalytic

BFSO-25/GNP
v

BFSO-5/GNP

FSO-15/GNF

BFSO-20/GNP

\_BFSO-10/GNP
>~ BFO/GNP

Intensity (a.u.)

400 450 500 550 600 650
Emission Wavelength (nm)

700

Figure 6. Photoluminescence (PL) spectra of BFO/GNP and all the
BFSO/GNP nanohybrids.
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activity.* The nanohybrids who have higher PL intensity have
a rapid recombination rate of photocarriers during catalysis
activity due to which their water purification ability is reduced
in comparison to those photocatalysts who have lower PL peak
intensity.” Graphene usually acts as an excellent charge
trapping site, and its presence inside the nanohybrid will help
enhance the charge carrier concentration as well as their
separation rate during photocatalytic activity.”*” The greater is
the separation in between the photocarriers, the greater is the
degradation activity of the catalysts under light. So, from PL
the results, the best catalysts that can perform fast under visible
light are BFO/GNP and BFSO-10/GNP.

The catalytic activity of the nanohybrid structures was also
observed for the removal of Congo red from water, and the
results are shown in Figure 7a. The dye degradation activity of
the nanohybrids is higher in comparison to that of the pristine
BFO (43% in 120 min) due to newly emerged energy states
with Sn doping as well as graphene presence which will act as
an efficient charge carrier pathway toward active sites for dye
degradation. The overall dye removal for BFO/GNP nano-
hybrid is 62%, for BESO-5/GNP is 22%, for BESO-10/GNP is
42%, for BESO-15/GNP is 100%, for BESO-20/GNP is 56%,
and for BFSO-25/GNP is 23%. It can be clearly seen that most
of the nanohybrids help in half (50%) to full (100%) dye
degradation during the water purification process.

This overall dye removal is accompanied by catalytic activity
of nanohybrids in the presence as well as absence of light. The
separated catalytic activities under visible light as well as under
dark are shown inside Figure 7b. The gray portion of the bar
graph corresponds to the catalytic activity under dark, while
the orange portion is accompanied by the photocatalytic
activity. BFSO-5/GNP and BFSO-25/GNP showed the lowest
dye degradation performance including 6% to 13% dye
removal under light, while accompanied by PL results. The
photocatalytic activity in BESO-10/GNP is enhanced (33%) in
comparison to its catalysis under dark conditions (9%) which
makes it a light active catalyst among all the nanohybrids. PL
showed the lower recombination rate for BFSO-10/GNP
nanohybrid in support of it to be a good photocatalyst. For
BFO/GNP, BFSO-15/GNP, and BFSO-20/GNP the catalytic
activity under dark is greater (32%, 89.4%, and 30%) than in
light (13%, 10.6%, and 26%) which is attributed to their
efficient dye removal performance even in the absence of light.
Hence BFSO-15/GNP is proven to be the best catalyst for dye
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and light; and (c) recyclability test of BESO-15/GNP nanohybrid.
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Figure 8. Illustration of dye degradation catalytic mechanism of BFSO/GNP nanohybrids under dark and light conditions.

removal as it removes 100% of organic dye under both light catalyst(e”) + O, — catalyst + O,
and dark and approximately 90% dye degradation under dark.
The recyclability check was also performed to see the stability
of the catalytic nanohybrid structures and their performance. It H,0, + e — OH® + OH™
was seen that even after six cycles of catalytic activity only 2%
dye degradation ability of nanohybrids was reduced as shown
in Figure 7c. In addition, on reaching to the 10th cycle only 5%

0,” + H* - HO,* - 0, + H,0,

0,  + OH® - byproducts

The oxidation reduction species (O, + OH®) play a role in

catalytic activity was decreased which may be due to the breakage of dye molecules, and at the end of this breakage
clogging of few active sites of nanohybrids from repeatedly harmless end products (water and carbon dioxide) are formed
performing dye degradation. Hence, as fabricated, catalytic for further processing. In light the electrons usually get excited
nanohybrid species have the ability to perform exceptional dye via light energy and the holes/electrons created in this

excitation process can generate O, + OH® reactive species

by adsorbin% oxygen and reacting with water from the
. 537 . .

environment. The generated reactive species then start

) . ) oxidation reduction reactions for dye degradation to produced
Figure 8. Dark GNPs in the form of platelets contain free H,0 and CO, as by products

degradation and can be used in industrial applications for
organic pollutant removal even in the absence of light.
The purposed mechanism for dye degradation is shown in

charge carriers infused inside graphene sheet trapping states
formed during the synthesis process.”>** Also, the doping of catalyst + light energy — excitation — e~ + h*
Sn*" in replacement of Fe** will overall create holes inside the
BFSO crystal structure. The electrons can easily travel through
these holes as well as defect states toward the active sites of the

e+ 0,/h" + H,0 - 0,” + OH® - H,0and CO,

Further the band gap structure is also analyzed in detail as

catalyst to perform chain reactions for dye degradation.*** shown in Figure 9. The addition of tin would create
The catalytic reactions involved in dye removal are as follows: intermediate energy states under the conduction band of the
3741 https://doi.org/10.1021/acsomega.2c04971
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Figure 9. Illustration of ohmic-junction in between the BFSO
semiconductor and metallic GNPs.

BFO. A direct Z scheme heterojunction*®*’ would be formed

in between the BFSO nanoparticles and GNPs due to the
metallic character of graphene. The carriers would need low
energy to be excited and can move easily toward the active
sites in between the ohmic junction of nanohybrids.

For showing the significance of this work a comparison has
been done with already Sn based studies showed in Table 1. It

Table 1. A Comparison of Sn Doped Active Catalytic
Materials with This Present Study

Active Species Catalytic
for Water Dye for Photocatalytic Activity
Purification Degradation Activity under Dark  References

Sn doped Methylene Blue Yes No 50
ZnoS(\

Sn doped RhB Yes No S1
MoS,

Sn doped RhB Yes No 52
Bi,S;

Sn doped Methylene Blue Yes Yes (10%) 53
Titania

Sn doped RhB Yes No 54
SnO,

Sn doped N-  Methylene Blue Yes No SS
doped TiO,

Sn doped Methylene Blue Yes No 56
TiO,

Sn and Gd Congo Red, Yes Yes (10%) 22
doped BFO Methylene Blue,

Methylene Red

Sn and Gd Congo Red Yes Yes (50%) 3
doped BFO/
GNP

Sn and Gd Congo Red Yes No 57
doped BFO/
MXene

Sn doped Congo Red Yes Yes (90%)  This work
BFO/GNP

can be easily seen that most of the already reported active
species for organic pollutant removal during water purification
are the light driven catalysts (photocatalysts). The studies that
have shown the dark activity of Sn-doped species depicted low
dye degradation (50%) in comparison to this work (90%).
Hence using a careful and optimized synthesis process with
efficient single-element (Sn)-doped BFO/GNP nanohybrids
reduced the double doping complexity during catalyst
synthesis while also providing full dye removal from water in

comparison to the already published results.
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B CONCLUSION

In summary here we have synthesized the tin (Sn) doped BFO
nanoparticles (BFSO) using the sol—gel method, and then the
nanohybrid structures were prepared on mixing BFSO
nanoparticles with graphene nanoplatelets (GNPs) via the
coprecipitation method. These BFSO/GNP nanohybrids
showed good crystal structure formation with uniform phase
distribution. Also, the nanohybrids proved to be efficient water
purification species by possessing both catalytic as well as
photocatalytic activities. It was found that the highest dye
degradation ability found in BFSO-15/GNP was 100% with
90% catalytic activity under dark. Moreover, the recyclability
test showed that even after 10 cycles of catalysis the
nanohybrids are stable and efficient for purifying water from
organic molecules. Thus, these catalytic nanohybrids stand to
be remarkable candidates in the water purification field to
remove organic pollutants from water under both light and
dark conditions.
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