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Abstract
At present, wastes management and energy generation are the foremost concerns due to their direct
relationship with the biological species and environment. Herein we report utilization of iron rust
(inorganic pollutant) as photocatalyst for photodegradation of methylene blue (MB) dye (organic
pollutant) under visible light (economic) and water oxidation (energy generation). Iron rust was collected
from metallic pipes and calcined in the furnace at 700 °C for 3 h in order to remove moisture/volatile
content. The uncalcined and calcined Rust are characterized through scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), and Fourier transform infrared (FTIR) analysis, X-Ray
Diffraction (XRD) and Thermogravematric analysis (TGA). The morphological study illustrated that the
shape of uncalcinedand calcined iron rust is spongy, porous, and agglomerated. The XRD and DLS
particle size is in a few hundred-nanometer range.The photodegradation (PD) investigation shows that
calcined Rust is a potent photocatalyst for the PD of modeled MB and degraded about 94% in a very
short time of 11 min. The photoelectrochemical (PEC) measurements revealed that calcined Rust is more
active than uncalcined Rust under simulated 1-SUN illumination with respective photocurrent densities of
~0.40 and ~0.32 mA/cm2. These results demonstrate that cheaper and abundantly available Rust can be
a useful candidate for environmental and energy applications.

Introduction
Photocatalysis is a felicitous process and the most appropriate technology for the degradation of
pollutants since it is cheap, reliable, e�cient, and environmentally-friendly (Karthikeyan et al.
2020).Photocatalysis is based on semiconductor materials and is a promising, effective,and green
technology for the removal of organic pollutants from aquatic environments (Yang et al. 2020; Costantino
et al. 2020; Simon et al. 2020). Semiconductors are the most potential photocatalysts due to their
appropriate bandgap energies and well-de�ned electronic con�guration with occupied valence band and
unoccupied conduction band (Cui et al. 2020). Photocatalysts are semiconductor solid oxides that can
create electron-hole (e−/h+ pairs) pairs upon absorption of light that react with the existing pollutants at
the surface and oxidize them to less toxic substances (Saffari et al. 2020). Various semiconductor
materials normally comprise such as TiO2 (Sun et al. 2020; Pino et al. 2020), ZnO (Le et al. 2020), CuO
(Khan et al. 2020), SnO2 (Asaithambi et al. 2019), MnO2 (Rahmat et al. 2019), WO3(Wang et al. 2019),
CdS (Yu et al. 2020), NiO (Din et al. 2020), α-Fe2O3 (Sivula et al. 2010; Imran et al. 2020), etc. are explored
as photocatalysts. However, most of these are either costly or prone to photocorrosion. Thus researchers
are still examining the modi�ed forms of these materials to �nd the best industrially feasible
photocatalyst. Among these Fe2O3 is considered as one of the favorable semiconductor photocatalysts
due to its excellent stability, availability, cost, low bandgap (2.3 eV), and good harvesting capability of
visible light. Additionally, low toxicity, environmental compatibility, and recyclability are the other
attractive features of Fe2O3 (Salgado and Valentini 2019; Lin et al. 2019; Ashraf et al. 2020). Fe2O3

materials are utilized in many advanced �elds like adsorption (Dehmani et al. 2020), solar cells (da
Trindade et al. 2020), lithium-ion batteries (Xu et al. 2018), water splitting (Khan and Qurashi 2018;
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Bouhjar et al. 2020; Makimizu et al. 2020) and dye degradation (Abhilash et al. 2019; Rincón Joya et al.
2019; Gupta et al. 2020). The production of nanoparticles through conventional methods such as
hydrothermal, solgel, etc. requires more resources, time, energy, and human efforts, making the product
expensive and limited product, which is a signi�cant barrier from a commercial perspective (Dissanayake
et al. 2019). Moreover, in some conventional syntheses, hazardous chemicals/precursors are employed,
which is environmentally un�t (Karade et al. 2019). Hence, it is always desirable to develop an alternative,
safe, and economical approach to synthesize the much-needed materials for various industrial
applications.

In this work, we are able to devise a facile, safe, and economically feasible synthesis route to obtain the
bulk amount of Fe2O3NPs from iron rust. A simple and straight forward treatment of rust results in high-
quality Fe2O3NPs. Corrosion of metals is a constant and continuous problem and di�cult to eliminate
completely. The corrosion of ferrous metals in soil is a signi�cant problem in oil and water storage tanks,
transported pipelines, and cooling water pipeline distribution systems(Karthick et al. 2020). Current
technologies are neither e�cient to impede the corrosion ultimately nor effective in the recycling of waste
iron rust (Babar et al. 2018). Herein, iron rust was not only converted into Fe2O3NPs but also utilized as a
photocatalyst for the PD of MB dye in an aqueous medium and water splitting. Limited studies are
reported on recycling and converting iron rust into catalysts such as g-C3N4-Fe2O3 Photocatalyst (Babar
et al. 2018), LaFeO3 Perovskite-Type Catalysts (Deganello et al. 2019), Fe2O3 from toner powder (Gurav et
al. 2020a). These methodologies mostly prepared composite type catalyst with hard and di�cult
preparation conditions which ultimately increase the process cost. The preparation conditions in these
studies are time-consuming, not-scalable, and costly. Hence, the present study is not only economical in
terms of photocatalyst preparation but also feasible to harvest visible light instead of hazardous and
expensive UV-light.

Experimental Work

2.1 Materials
Iron rust was collected from water pipes of the local area (Lower Dir, KP, Pakistan). Nitric acid (HNO3) and
sodium hydroxide (NaOH) were provided by Sigma Aldrich. Methylene blue dye was purchased from
Scharlau Chemicals.

2.2 Preparation of photocatalyst
The collected iron rust was �rst washed with distilled H2O to remove any attached impurities and then
dried in an oven at 130°C for 5 h. The dried Rust was calcined at 700°C for 3 h to remove the adhered
moisture content. The high temperature removes the attached water molecules from the iron rust
(Fe2O3·nH2O) and convertsthem into Fe2O3 NPs as can be seen in Eq. 1. After calcination, the sample
was cooled in a desiccator and then packed in order to avoid moistening.
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Fe2O3·nH2O ⟶ Fe2O3 ------------------------- (1)

2.3 Photodegradation study of Methylene blue dye
The Fe2O3 NPs were utilized as photocatalyst for the PD of MB dye under visible light in an aqueous
solution as a function of different operational parameters e.g., irradiation time, photocatalyst reusability,
catalyst amount, and initial dye concentration. In time study, 0.02g (2g/L) of the photocatalyst was
added to 10 mL solution of MB dye (15 ppm) and sonicated for 2 min for complete dispersion of NPs.
The sample was then kept in dark to attain adsorption-desorption equilibrium. The sample was then kept
under standard light with constant and continuous stirring for different irradiation times (1, 3, 5, 7, 9, and
11 min). After the reaction time completion, the photocatalyst was separated through centrifugation
(12000 rpm for 10 min).

The %degradation of MB dye is calculated from the following formulas:

 (a)

 (b)

Where Co represents the initial concentration of dye, C stands for dye concentration after the reaction, Ao

symbolizes initial absorbance, and A shows the absorbance of dye after the reaction.

2.4 Photoelectrode fabrication and Photoelectrochemical
measurements
PEC water splitting of uncalcined and calcined Rust was performed in a three-electrode PEC cell
containing 0.5 M Na2SO4 (Sigma Aldrich) electrolyte (pH 7.2). The uncalcined and calcined Rust
deposited FTOs were used as the working electrodes and were controlled by an Autolab potentiostat.
Platinum (Pt) and saturated calomel electrode (SCE) served as the counter and reference electrodes,
respectively. For the preparation of the working electrode, we have dissolved 2 mg of the photocatalyst in
2mL DI water. Which is sonicated for 30 mins, followed by the addition of one drop of 5% Na�on (as a
binder). The dispersed solution is drop casted over 0.25 mm2 conducting glass (�uorinated tin oxide). All
PEC measurements were recorded using NOVA software installed on a data collecting device under the
controlled chopping of dark and light. A solar simulator (Oriel Sol-3A Newport) provided arti�cial solar
light irradiation and the power was calibrated using a silicon diode solar cell (Oriel-diode) and �xed at 100
mW/cm2, which is equivalent to 1 SUN. The solar simulator was also equipped with AM-1.5 G and UV
cutoff (λ > 420 nm) �lters.

2.5 Morphological, Structural and Optical Characterizations
The synthesized Fe2O3 NPs were characterized through Fe-SEM and EDX (LA-6490, JEOL Japan, in the
energy range of 0–20 keV). Each sample was prepared from the dry sample in ethanol followed by
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sonication for 30 minutes. The FT-IR analysis was carried out via FT-IR (Nicolet Nexus 470, Thermo
Electron Co., USA). The photodegradation study was performed by UV-Visible spectrophotometer (Model 
= Shimadzu 1800, Japan).Dynamic light scattering (particle size distribution and zeta potential). X-ray
diffraction (XRD) was carried out using Rigaku Mini�ex II Desktop X-ray diffractometer for 2θ range of 5–
80°, sampling step size of 0.03° and 3.00 scan speed. The particle size of the synthesized materials was
measured by Zetasizer nano Series dynamics light scattering (DLS = ZEN3600, Malvern, UK). All the
samples were sonicated before each run for 15 minutes by a probe sonicator (UP400St, Hielscher,
Germany) in ethanol. The surface area was analyzed by a Micromeritics ASAP 2020 BET analyzer.
Initially, the samples were degassed at 180°C for 4 h under a vacuum to eliminate impurities, prior to N2

physisorption measurements. The TGA analysis was performed by using Mettler Toledo analyser
(TGA/SDTA-851e, Switzerland) under nitrogen environment, with temperature from 25 to 800 oC at the
scan rate of 10 oC/min to determined the thermal properties of calcined and uncalcined samples.

Results And Discussion

3.1 Morphological, Elemental and Mapping analysis
SEM analysis is a powerful tool to study surface morphological features of the photocatalyst. Figure 1(a-
d) represents the lower and higher magni�cation SEM micrographs of the as-collected uncalcined and
calcined iron rust, respectively. After comparing the morphologies, it is clear that both samples are
showing signi�cant agglomerations, with highly irregular morphologies. Moreover, SEM micrographs
indicate that the individual particle sizes in both cases are in the nanometer range, which agglomerated
into large blocks of irregular shape particles. We assume that other parameters could promote the photo-
and photoelectrocatalytic performance of calcined Rust compare to uncalcined Rust, under similar
conditions. Therefore, we have characterized these samples further with XRD, BET, and TGA to con�rm
those parameters, which are contributing to enhanced catalytic performance.

Figures 2 and 3 illustrated the elemental analysis and mapping study of uncalcined and calcined Rust,
respectively. Figures 2a show the EDX spectra of uncalcined Rust with %elemental composition in tabular
form. The representing peaks for Fe, C, Zn, Si, Al, and O are observed with respective %compositions of
each element. As expected, the %compositions indicate that the Fe and O are present in higher
concentration compared to Zn, Si, and Al, which are existed in minuscule quantities. The presence of Zn,
Si, and Alelements can be justi�ed as the Rust was collected from a steel source, that contains these
metals in proportions (to enhance their strength). Figure 2b-d presented the mapping results of Fe, O, and
Si, respectively. The mapping study revealed the presence of Si, which is due to earthy impurities as Rust
is obtained from the ground water pipes. Figure 3 represents the EDX spectra and % elemental
composition (tabular form) of calcined iron rust, displaying peaks for C, Zn, K, Si, Ca, Al and O. The
percentage of Fe and O were found higher than other elements. Furthermore, the percentage of oxygen in
the case of calcined Rust is lower than uncalcined Rust NPs, which might be due to the elimination of any
attached water and other volatile matter. The quantity of C is also reduced after calcination due to its
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oxidation to CO2. Moreover, n the case of calcined Rust, we have observed K and Ca in trace amounts,
which could be possibly added from the ceramics where we have calcined the Rust at a high temperature,
i.e. 700 oC. Figure 3b-d presented the mapping results of Fe, O, and Si, respectively. It is essential to state
that we deliberately not removed the various elemental impurities to see their overall effect on
photocatalysis and also to look after the high cost.

3.2 Structural analysis of uncalcined and calcined Rust
FT-IR spectroscopy is known for its high sensitivity, especially in the detection of inorganic and organic
species with low content. Figure 4 shows the FT-IR spectra of uncalcined and calcined Rust representing
various peaks in different regions. The uncalcined Rust NPs show peaks at about 1033cm− 1, which
might be due to the lepidocrocite (ferric mineral) (Veneranda et al. 2018).The peaks at about 903 and 799
cm− 1 might be due to the goethite (hydrated iron oxide) (S and A 1993). The absorption peak in the
absorption band of uncalcined Rust at 1630 cm− 1 is the characteristic peak of -OH, indicating a large
amount of crystal water in the corrosion products(Wang et al. 2020). This peak almost disappears in the
calcined Rust due to high-temperature calcination. Similarly, the calcined iron rust NPs also gives peaks
at about 1033, and 903 and 799 cm− 1,which might be due to the lepidocrocite and goethite, respectively.
The spectrum of calcined iron rust also presented prominent peaks at about 526 and 436 cm− 1 is due to
the stretching vibration of Fe-O (Rahim et al. 2011).

The chemical composition, phase purity, and crystallinity of the uncalcined and calcined were identi�ed
via XRD analysis. The XRD patterns of the uncalcined and calcined iron rust are shown in Fig. 5a. The
XRD pattern of the uncalcined rust clearly indicates that this contains a mixture of FeOOH and iron oxide
(γ-Fe2O3). On the other hand, the XRD pattern of the calcined rust shows diffraction peaks balanced at
30.18°, 57.28°, and 62.94° corresponding to the (220), (511) and (440) planes of γ-Fe2O3 iron (JCPDS �le
nos. 75 − 1594). The peaks located at 24.26°, 33.17°, 40.82°, and 49.57° match well with the (012), (104),
(113), and (024) planes of α-Fe2O3 (JCPDS �le no. 33 − 0664). This means that calcined rust is the
combination of γ-Fe2O3 and α-Fe2O3 iron. The quanti�cation of XRD patterns indicates that the sample
contains ~ 75% α-Fe2O3 and ~ 25% γ-Fe2O3. The crystallite particle size is also calculated from XRD
patterns bya widely reported Debye-Scherrer equation as below (Salavati-Niasari et al. 2008; Khan et al.
2017).

  (c)

Where D is showing the crystallite size (nm), K is crystallite shape factor, approximated to be 0.9, λ is x-
ray wavelength, β is full width at half the maximum (FWHM) in radians and θ is Braggs angle. By
averaging the values of all peaks, the crystallite size of the calcined rust was about 374.5 nm, which is
less than the uncalcined sample. The calcination temperature is e�cient for the phase transformation of
thermodynamically unstable iron oxides to Fe2O3 phase by losing water molecule (Sarif et al. 2020;
Ashraf et al. 2020; Gurav et al. 2020b). To further see the effect of calcination on the particle size we also
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performed the DLS analysis. The DLS particle size distribution of uncalcined and calcined rust is
represented in Fig. 5b. The uncalcined rust has a broad peak representing its agglomeration and the
average particle size of uncalcined was found to be as high as ~ 487 nm. Comparatively, the calcine rust
sample demonstrates a signi�cantly sharp peak area, which indicates a sharp particle distribution. The
calculated average particle size of the calcined sample is measured to be ~ 379 nm. These XRD and DLS
results indicate that the calcination reduced the particle size signi�cantly, which can add incremental
characteristics to the photocatalytic behavior of rust. Dehydration and phase conversion due to
calcination at high temperature cause a decrease in attractive forces thus the dispersed and displayed
small particle size than uncalcined rust. Thermogravimetric analysis (TGA) measurements of both
samples were carried out to �nd their thermal stability and the results are represented in Fig. 5c. The
isotherms indicate the uncalcined iron rust lost about 21 % weight loss at a maximum temperature of
800°C. The attached and adsorbed water is removed at above 120°C. Maximum weight loss occurs
between 200 to 300 °, however, no signi�cant weight loss is observed above 500°C. In the case of
calcined rust, only 2 % weight was lost during its thermal analysis, which is showing the thermostable
nature of calcined samples as their calcination is already performed at a high temperature of 700°C.
Finally, the effect of calcination over the surface area is also performed through the Brunauer-Emmett-
Teller (BET) adsorption method with nitrogen gas (Fig. 5d). It can be seen in Fig. 5d, that both isotherms
are of type IV. The calcination increased the speci�c surface area (SSA) of calcined rust to 98.84 m2/g,
which was 29.30 for an uncalcined sample. The three times enhancement in the SSA indicated that after
calcination the crystalization and phase transformation tool place, which also reduces the particle size as
indicated by the XRD and DLS results.

3.3 Photodegradation of Methylene blue
The obtained Fe2O3·nH2O and prepared Fe2O3 NPs were utilized as photocatalysts for the PD of MB dye
in an aqueous medium under visible light. Figure 6a represents the UV-Vis spectra of MB dye before
reaction and after different visible light reaction time in the presence of calcined Fe2O3 NPs, displaying
that dye degradation increase with increasing irradiation time. Figure 6b shows the %degradation of MB
dye in the presence of Fe2O3·nH2O, Fe2O3 NPs, and without photocatalysts (photolysis). Without
photocatalyst, and in the presence of Fe2O3·nH2O no considerable degradation was observed while Fe2O3

NPs signi�cantly degraded MB dye in a short time. The uncalcined Rust have little adsorption capability
and thus display less photocatalytic e�ciency. The increased photocatalytic e�ciency of Fe2O3 NPs than
Fe2O3·nH2O is due to its high-temperature calcination, which makes the materials porous and ultimately
adsorb the dye e�ciently followed by drastic PD. It was reported that calcination enhances catalysts
activity(Al-Fatesh and Fakeeha 2012). The result shows that Fe2O3 NPs rapidly degraded 82.5% dye
within 1 min and then beyond this time a small increase observed in the e�ciency of PD, and �nally
degraded about 94% dye within 11 min. Initially, the degradation e�ciency is much faster and slows
down upon increasing the irradiation time. This is because at the beginning formation of •OH radicals is
faster and the more availability of the active site for dye adsorption. After a particular reaction time, the
remaining active site is not easy to �ll because of the repulsive force between the molecules on the
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surface with the bulk phase, and thus after sometime the %degradation tends to be constant (Aziztyana
et al. 2019). The sustainability of Fe2O3 NPs is evaluated by utilizing recovered and re-recovered Fe2O3

NPs under the same experimental conditions. The photocatalyst was recovered by washing with distilled
water and oven drying at 100°C. Figure 6c represents the comparison of %degradation of MB dye PD by
fresh, recovered, and re-recovered Fe2O3 NPs. The results revealed that the fresh Fe2O3 NPs (1st run)
degraded about 94% MB dye within 11 min, while the recovered (2nd run) and re-recovered (3rd ) run
degraded about 71.7% and 62% dye, respectively within the same irradiation time. The decrease observed
in the photocatalytic activity of the recycled photocatalysts might be due to the blockage of active
surface sites by deposition of the photo insensitive hydroxides (Khan et al. 2019).

The photodegradation of MB dye occurs as visible light adsorbed by Fe2O3 NPs that result in excitation

of electrons (e−) from valence band (VB) to the conduction band (CB), creatingpositively charged holes
(h+) in the valence band. The hole in the VB reacts with H2O molecules and produces hydroxyl radicals

(•OH), while the e− present in the CB reacts with an oxygen molecule and produces superoxide anion
radical (•O2

−). These generated radicals are highly reactive and degraded MB dye molecules into
intermediates products and �nally into more unaffected species such as CO2 and H2O as shown in Fig. 7.
The possible reaction steps in this mechanism are summarized in the following equations (Khan et al.
2019).

NPs → NPs (e− + h+) (I)

O2 + e− → •O2
− (II)

H2O/OH− + h+ → •OH (III)

Dye + •OH + •O2
−→ degraded products (IV)

The effect of pH on the PD of MB was also evaluated as various discharge their e�uents at different pH.
Figure 8a shows the effect of pH of the medium on the photodegradation e�ciency of MB dye keeping
irradiation time (1 min) and initial dye concentration (15 ppm) constant. It was observed that the
e�ciency of photodegradation of MB is much faster in the basic medium as compared to the acidic
medium. It might be due that in the basic medium the photocatalysts tend to acquire a negative charge
that results in increased adsorption of positively charged MB (cationic) dyes because of the rising
electrostatic attraction (Nguyen Thi Thu et al. 2016). The Figure revealed that from acidic medium to pH
8 the degradation e�ciency is almost constant and then enormously increased at pH 9. The results
con�rmed that at pH 3 the Fe2O3 NPs degraded about 54% dye which increases to 95% by increasing the
pH of the medium to 9. Similarly, the effect of photocatalyst dosage and initial dye concentration was
also evaluated, and the results are represented in Figs. 8b,c, respectively. Figure 8b represents that
e�ciency of photodegradation increases rapidly by increasing Fe2O3 NPs dosage up to a speci�c limit
(optimum amount) and then level off beyond that limit. The results veri�ed that till 0.02g photocatalyst
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dose, the PD is rapidly increasing and a maximum of 82.5% MB dye degraded in 1 mi. However, further
dose increments showed very little enhancement in the PD performance of the photocatalyst. At 0.035g
catalyst dose, the PD e�ciency increases to ~ 93% within the same time. The leveling in PD with
increasing catalyst dosage might be the increase in solution opacity which decreases the penetration of
the photon �ux and ultimately decreases the photocatalytic degradation e�ciency (Khan et al. 2020). The
effect of initial MB dye concentration is consolidated in Fig. 8c, displaying that maximum PD is achieved
at a lower concentration. According to the results, a maximum PD of 92% occurs at an initial
concentration of 5 ppm, which frequently decreases to 72.9% by increasing dye concentration to 25 ppm.
Such decreases in PD with increasing dye concentration are due to the more adsorption of dye molecules
on the catalyst surface and occupy its active sites. The adsorb dye molecules absorb a signi�cant
amount of light rather than a catalyst which decrease the generation of hydroxyl radical and hence
reduces the photocatalytic e�ciency (Reza et al. 2017).

Production of H2 attracts attention because it is essential for fuel and chemical reactions(Yamada et al.
2020). Both calcined and uncalcined were also utilized for water splitting. The PEC performance of the
calcined and uncalcined rust photoelectrodes was explored via chronoamperometry and linear-sweep
voltammetry (LSV). Figure 9a,b indicates the dosing effect on the overall water oxidation for calcined and
uncalcined photoanodes. It can be seen that increasing the catalyst dose from 0.1 to 0.3 mg/50mL
ethanol has a nonsigni�cant effect in the case of uncalcined samples. However, the calcined samples
indicate enhancement in the activity until 0.3 mg/50mL ethanol, after which saturation took place and no
further photocurrent density enhancement observed. Figure 9c displays the LSV measurements under
regular solar illumination. For both the samples, the photocurrent remained signi�cantly lower under dark,
while under the simulated light, the photocurrent densities increased enormously beyond 0.7 V vs RHE
with the voltage sweep, as indicated by the I-V spectra. The spectra represent that both the materials are
photoactive, but the photocurrent density of calcined Rust (0.42 mA cm− 2) is much higher than
uncalcined Rust (0.34 mA cm− 2), which can be attributed to the good crystallinity and porosity of the
calcined sample. A signi�cant dark current appeared above 1.23 V vs RHE for the calcined rust
photoelectrodes, which can be attributed to electrochemical processes (Khan and Qurashi 2017). The
photocurrent densities observed at the thermodynamic potential (1.23 Vvs RHE) of the water oxidation
reaction were ~ 0.40 and ~ 0.32 mA/cm2 for calcined and uncalcined, respectively. Moreover, it is
important to sate the onset potential of calcined rust shift cathodically to 0.96 V vs RHE from 1.07 V vs
RHE (for uncalcined sample). The excellent photodegradation e�ciency, photostability, and photocurrent
density, with good cathodic onset potential shift of calcined Rust, indicate that it could be a feasible
photocatalytic as well as photoelectrocatalytic materials for future energy and environment applications.
Figure 9d shows the long-term I-t photostability curve obtained from photoanodes under the light with an
illumination period of 80 min under calibrated simulated 1-SUN power. The results revealed that the
stability curve of calcined Rust decreased insigni�cantly and showed small photocorrosion decay and
hence offered considerable resilience and stability during the irradiation period. Similarly, the stability
curve of uncalcined Rust signi�cantly decreased with more considerable photocorrosion decay, which
can be attributed to the photocorrosion of this material due to structural faults and charge high
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recombination rate. The uncalcined rust lost its PEC activity entirely after 57 min, due to uncontrolled
photodecay.

The optoelectrical characteristics are useful to realize the photoactivity of the samples. For this purpose,
we have performed the UV/Vis-diffuse re�ectance analysis of the powder sample. The samples were
measured using a quartz cell, from wavelength ranges from 200 to 800 nm at the scan rate of 50
nm/min. As indicated in Fig. 9e, the calcined samples are showing superb enhancement in the visible
light absorption. The onset value of absorption in the range of 580–600 nm for the calcined sample
indicates that the bandgap value is well in the order of visible light region and suitable for PEC water
splitting application. The samples are expected to show improved Photocatalytic water splitting and dye
degradation performance, which is the case as discussed above. To further support over claim we also
measured the resistivity and surface transport behavior of the samples via electronic impedance
spectroscopy (EIS) measured at 0.2 V vs. SCE under AM 1.5 G irradiation as shown in the Fig. 9f. Based
on the semicircle diameter of the Nyquist plots one can realize the interfacial charge transport behavior
(Khan and Qurashi 2018; Khan et al. 2021). The larger the semicircle means lower the transportation and
vice versa. By comparing the circles it can be concluded that the calcined rust sample has more
interfacial transport than the uncalcined. This means that the generated electrons/holes are facilely
transferred in case of calcined rust, hence minimizing the charge recombination and enhance the over all
photo and photlectrocatalytic activity. A comparison table (Table 1) is also provided which is showing
some existing hemtite based materials with their photocurrent denisties and photostablities.
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Table 1
Photocurrent densities and photostability of some reported hematite based photoanodes

S/No Materials Photocurrent
density@1.23 vs.
RHE

Photostability
density@1.23 vs.
RHE

Ref.

1 α-Fe2O3/TiO2 1.05 mA/cm2 2500 s (Khan and
Qurashi
2018)Ag/α-Fe2O3/TiO2 2.59 mA/cm2 3600 s

2 Fe2O3 1.55 mA/cm2 --- (Wei et al.
2020)

FeOOH/Fe2O 2.40 mA/cm2 5 h

3 Ta:Fe2O3@Fe2O3 2.45 mA/cm2 5 h (Zhang et al.
2020)

NiFe(OH)x/Ta:Fe2O3@Fe2O3 3.22 mA/cm2 5 h

4 Fe2O3 0.12 mA/cm2 2 h (Tang et al.
2019)

Fe2O3/Fe2TiO5 0.90 mA/cm2 2 h

Fe2O3/Fe2TiO5/CoFe-PBA 1.25 mA/cm2 2 h

5 Uncalcined rust 0.34 mA cm− 2 20 min This work

This workCalcined rust 0.42 mA cm− 2 70 min

Conclusion
Calcination of Rust is an economical and straightforward way for e�cient Fe2O3 NPs photocatalysts
preparation. Calcined Rust is a novel, economic and e�cient photocatalyst for the PD of MB dye in
aqueous medium and water oxidationunder visible light. The enhanced photocatalytic e�ciency of
calcined to uncalcined rustis due to its high-temperature calcination, which makes the materials porous
perform e�cient adsorption of dye followed by PD. The Fe2O3 NPsare highly sustainable and can be
used several times. The enhanced PD in the basic medium is due to more generation of hydroxyl radical
in alkaline medium. The e�ciency of PD increases incrementally with photocatalyst dosage and a
decrease in initial dye concentration. The enhanced PEC water oxidation activity of calcined Rust might
be due to its porous structure via high-temperature calcination, which facilitates the light absorption and
provide a su�cient pathway for carrier transport, hence suppressing the charge recombination.
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Figure 1

SEM images of (a, b) Uncalcined iron rust (c, d) Calcined rust

Figure 2

(a) EDX analysis and (b-d) Elemental Mapping of uncalcined iron rust.
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Figure 3

(a) EDX analysis and (b-d) Elemental Mapping of calcined iron rust
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Figure 4

FTIR spectra of uncalcined and calcined iron rust
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Figure 5

(a) XRD pattern (b) particle size distribution (c) Thermogravimetric analysis (d) BET surface area analysis
of uncalcined and calcined iron rust.
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Figure 6

(a) UV-Vis spectra of MB photodegraded by Fe2O3 NPs in aqueous medium under visible light (b)
%degradation comparison of MB dye photodegraded by Fe2O3·nH2O, Fe2O3 NPs and without
photocatalysts (c) reusability of Fe2O3 NPs.
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Figure 7

Proposed mechanism for the photodegradation of MB; adopted from (Khan et al. 2019).
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Figure 8

(a) effect of pH of the medium on MB PD (b) effect of Fe2O3 NPs dosage on MB PD (c) effect of the
initial concentration of MB on PD of MB.
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Figure 9

Photoelectrochemical measurements of Calcined and uncalcined Rust: (a,b) the catalytic dose-effect
under visible light (c) Photoelectrochemical linear sweep voltammograms (d) chronoamperometric (I-t)
stability curve (e) the UV/Vis-DRS absorption spectra, and (f) The EIS Nyquist plots.


