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Abstract: 

The non-magnetic and magnetic polymorphs of iron oxide (Fe2O3) namely: α-

Fe2O3 (hematite) and γ-Fe2O3 (maghemite) respectively, were synthesized by a facile 

surfactant aided hydrogel route. The synthesized polymorphs were characterized by 

diffuse reflectance, photoluminescence and raman spectroscopy for optical properties 

whereas the morphological, structural, chemical and electronic state evaluation were 

performed by FESEM, HRTEM, XRD, and XPS. The charge transport and the stability 

of the materials were examined electrochemically. The photocatalytic activity of the 

synthesized polymorphs was evaluated for the degradation of 2-chlorophenol and 2-

nitrophenol in the exposure of the visible region and complete spectrum natural sunlight. 

Both the polymorphs exhibited a significantly high activity for the degradation of the 

phenolic substrate in the exposure of the complete spectrum of sunlight, however, the 

activity in the visible region of the sunlight was relatively lower. A substantial increase in 

the activity in the visible region was noticed when the polymorphs were exposed to 

complete spectrum sunlight prior to the photocatalytic experiments. The comparison of 

the exposed and unexposed samples revealed the induction of defects that served as traps 

for the excited electrons and increased activity of the polymorphs.  
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1. Introduction 

Heterogeneous photocatalysis is a rapidly emerging technique for efficient and 

optimum removal of hazardous organic pollutants from the aquatic environment. Despite 

its utmost importance and numerous impressive material properties with respect to 

photocatalysis, TiO2, the most extensively studied photocatalyst with commercial 

applications, suffers the drawback of insignificant absorption in the visible region, the 

fast recombination rate of photo-induced electron-hole pairs, less adsorptive sites for 

target pollutants [1-6]. When used in powder form in the nanoscale, its retrieval from the 

medium is another issue of concern and limits its wide application. In the last two 

decades, as a consequence of immense efforts by the scientific community on the 

modification of TiO2 for enhancing its activity in the visible region of the spectrum, the 

exploration and detailed investigation of the active photocatalysts, capable of utilizing a 

wide spectral range, has been neglected [7-10]. Additionally, the majority of the studies 

on the subject of photocatalytic decontamination of water, available in the literature, are 

based on the use of artificial light sources as excitation sources that not only adds to the 

cost but also limits the utility of the process to academics only. It is now well-established 

fact that photocatalysis can attain its optimum practical and commercial applicability 

only with the use of natural sunlight as the excitation source. Additionally, inexpensive 

and ever-renewable sunlight can engender the cost-effective solution of the 

environmental issues [11]. As 46% of the solar spectrum falls in the visible region, the 

use of natural sunlight as an initiator in the photocatalysis demands the in-depth 

estimation of the photocatalytic activity of the sunlight responsive active photocatalysts 

[12-14].  
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Among the existing metal oxide semiconductors, iron (III) oxide (Fe2O3), owing 

to its chemical stability, natural abundance and absorption in the visible region can be an 

appropriate competitor for photocatalytic environmental applications. The α and γ phases 

of Fe2O3 namely hematite and maghemite respectively have gained considerable attention 

in photocatalysis [15-20]. Both hematite (α-Fe2O3) and maghemite (γ-Fe2O3) are n-type 

semiconductors with the bandgap energy range from 1.9 to 2.2 eV, can utilize ~40% of 

solar light [21-27]. Among the two polymorphs, α-Fe2O3 is antiferromagnetic whereas γ-

Fe2O3 is ferromagnetic in nature [28, 29], therefore, the issue of the retrieval can be 

successfully addressed with the use of Fe2O3. Recently, based on the development of 

pure, composite and core-shell magnetic nanoparticles, the reported studies on the 

retrieval of the photocatalyst from the reaction medium have achieved considerable 

attention for environmental remediation [30-38]. A score of studies are available in the 

literature where α-Fe2O3 has been used in combination with other photocatalysts such as 

TiO2 [39-41], ZnO [42, 43], SiO2 [44] etc., for enhancing the photocatalytic activity in 

the visible region of the spectrum. Although γ-Fe2O3 has been used by a number of 

researchers as magnetic support in an effort to make the existing photocatalysts 

magnetically retrievable [45-49], however, not investigated in detail for its own 

photocatalytic activity in sunlight exposure. Additionally, the studies evaluating the 

photocatalytic activity of both the pure polymorphs especially in the natural sunlight 

exposure are rare.  

In the current study, the two polymorphs i.e. α-Fe2O3 and γ-Fe2O3 were 

synthesized by adopting a user-friendly identical procedure. The pure powders were 

characterized optically, electrochemically, structurally and chemically for the spectral 
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response stability and crystal structure determination. A detailed comparison of the 

photocatalytic activities of α-Fe2O3 and γ-Fe2O3 nanoparticles in natural sunlight 

exposure (complete spectrum of sunlight and visible region of sunlight) was carried out 

for the degradation as well as mineralization of 2-nitrophenol (2-NP) and 2-chlorophenol 

(2-CP). Both the polymorphs were re-evaluated after exposure to sunlight for the possible 

changes in the material under illumination and the effect of these changes on the 

photocatalytic activity was also estimated. The progress of the degradation and 

intermediates formed during the reaction were investigated by HPLC whereas TOC was 

used to monitor mineralization process. The released ions were measured quantitatively 

by IC. The complete recovery of the polymorphs from the catalyst/substrate suspension 

was made with the help of an external magnet.  Finally, all information obtained by TOC, 

IC, HPLC, and GCMS are associated to propose the mechanism of degradation. The 

recovery of both the polymorphs from the catalyst/substrate suspension was estimated by 

the permanent magnet.    

2. Experimental details 

  The non-magnetic polymorph i.e. α-Fe2O3 was synthesized by hydrolyzing 

the solution of Fe
3+

 ions with KOH. Fe(NO3)3.9H2O (Sigma-Aldrich) was used as the 

precursor for Fe
3+

 ions. The morphology of α-Fe2O3 particles was controlled by the 

addition of the Triton X-100 as a surfactant. In a typical synthesis, the appropriate 

amount of Fe
3+

 ions were stirred with Triton X-100 (0.5%) with respect to the weight 

of Fe
3+

 ions) for 30 minutes at 100 
°
C. The surfactant added solution was hydrolyzed 

by the drop-wise addition of 0.1M KOH. The pH of the solution was adjusted at 9. 

The suspension was heated at an elevated temperature of 150 
°
C for 3 h and aged 
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overnight. The precipitates were filtered and washed several times with DI water for 

the complete removal of excessive KOH. The surfactant was removed by repeated 

washings with 50:50 ethanol-acetone mixture. The washed precipitates were dried 

for overnight in the vacuum oven at 100 
°
C and calcined for 5 h at 400 

°
C in the 

muffle furnace at the heating and cooling rate of 10 
°
C /min that resulted in reddish 

powder. For the synthesis of γ-Fe2O3, Fe(II)SO4 (Sigma-Aldrich) was used as a 

precursor. The synthetic route was similar to that adopted for α-Fe2O3 however, after 

the calcination at 400 
°
C for 5 h in the muffle furnace at the heating and cooling rate 

of 10 
°
C /min that resulted in brown powder. The magnetism of the powder was 

evaluated by a permanent magnet.  

A Perkin Elmer UV-visible diffuse reflectance spectrophotometer (Lambda 650) 

was used to acquire the solid-state absorption and diffuse reflectance spectra (DRS) of 

the as-synthesized samples in 190-900 nm range. The acquired %R data, after applying 

the Kubelka-Munk transformation, was used for the evaluation of the bandgaps. 

Similarly, the photoluminescence (PL) and Raman shift spectra were recorded by 

fluorescence spectro-fluorophotometer, RF-5301 PC, Shimadzu, Japan at an excitation 

wavelength of 350 nm and a DXR Raman Microscope, Thermo Scientific, USA, 

equipped with 532 nm laser as the excitation source at 6mW power respectively. The 

XRD patterns of as-synthesized samples were acquired by Xpert x-ray powder 

diffractometer (Philips PW1398) with Cu Kα radiation source from 20
o
 to 80

o
 (2θ) with a 

step time of 3 seconds and step size of 0.05
o 
whereas the changes in the morphology were 

examined by Field Emission Scanning Electron Microscope (JEOL JSM 6490-A). The 

variations in the oxidation states of Fe were estimated by X-ray photoelectron 
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spectroscopy (XPS) in the binding energy range of 0 eV to 1350 eV by X-ray 

Photoelectron Spectrometer (PHI 5000 Versa Probe II, ULVAC-PHI Inc., USA). 

The comparison of the electrochemical properties of the as-synthesized 

polymorphs, in the dark and under illumination, was carried out by cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS). For CV and EIS analysis, a 

VSP multi-channel potentiostat (Bio-logic Science Instrument, USA) equipped with Ec-

lab software and a three-electrode system was employed, where the glassy carbon, 

platinum, and Ag/AgCl saturated electrodes were used as working, counter and reference 

electrodes, respectively. The polymorphs were coated at a surface of glassy carbon 

electrode (GCE) by spreading the dispersion of the ultra-sonicated dispersion in 

chloroform. The fitting of EIS Nyquist plots was performed by Zfit (Ec-lab software, 

Bio-logic Science Instruments, USA). The 0.1 M KCl solution was used as an electrolyte 

for all the measurements. For measurements under illumination, a 50-watt halogen lamp 

was used as illumination source.  

 The photocatalytic activity of both the polymorphs i.e. α-Fe2O3 and γ-Fe2O3 was 

evaluated in the exposure of the complete spectrum of sunlight (S) and visible region of 

sunlight (V) under identical experimental conditions. In a typical experiment, 150 ml of 

catalyst/substrate suspension containing 50 ppm of the substrate and 75 mg of the 

respective polymorph was exposed. Prior to exposure, the dark experiments were 

performed to establish the adsorption-desorption equilibrium. All the experiments were 

performed under natural sunlight illumination of 1100±100 x 10
2
 lx and fixed period of 

the daylight. After removing the catalyst by 0.22μm disposable syringe filters, the 

samples drawn at regular intervals were analyzed by high-performance liquid 
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chromatography (HPLC, SPD-20A, Shimadzu Corporation, Japan) using methanol-water 

mixture (60:40 v/v) as eluent and reversed phase C18 (RP-C18) column. The 

mineralization of the substrates was estimated by TOC removal measured by TOC-

VCPH total carbon analyzer supplied by Shimadzu Corporation, Japan. The release of 

ions in the solution during the photocatalytic degradation process was monitored by ion 

chromatograph, Dionex (ICS-5000 + EG) Eluent Generator, Thermo Scientific, USA. 

 

3. Results and discussion 

 As presented in Fig. 1a, the absorption patterns of α and γ-Fe2O3 were recorded in 

a broad spectral range of 200 to 900 nm with a view including all the transition involved. 

Both the polymorphs adopted a similar absorption pattern and exhibited substantial 

absorption in 450 nm to 750 nm range. The gradually increasing absorption with the 

increase in the photon energy from 750 nm to 620 nm may be attributed to low energy d-

d transition. The t2g to eg transitions in the 3d orbitals are well established and discussed 

well in the literature [50]. For both the polymorphs, beyond 620 nm towards the lower 

wavelength, a sharp increase in the absorption was noticed. For α-Fe2O3, the absorption 

edge appeared at ~620 nm whereas that for γ-Fe2O3 appeared at ~625 nm. The O
2-

 2p 

orbitals constitute the valence band of Fe2O3 whereas the conduction band is composed 

of Fe
3+

 3d orbitals. These absorption edges represent the band gap excitations in the 

polymorphs. The direct bandgaps of the polymorphs were evaluated by plotting (F(R) × 

hν)
1/2

 versus the photon energy (hν) where F(R) is the Kubelka-Munk transformation of 

the %R data. The graphical evaluation of the band edges of the Fe2O3 polymorphs is 

presented in Fig. 1b, where the extrapolation of the linear portion of the curves to the x-



  

9 
 

axis (photon energy) resulted in the bandgaps of 2.1 eV and 2.0 eV for α- and γ-Fe2O3, 

respectively. The observed bandgap values were in accordance with the literature values 

[51].  

The comparison of the normalized experimental PL spectra of α- and γ-Fe2O3 at 

an excitation wavelength of 350 nm is presented in Fig. 1c. The emission spectra of α- 

and γ-Fe2O3 followed the similar patterns and appeared in the form of a broadband 

centered at 550 and 563 nm respectively. The experimental curves were fitted to locate 

the actual photon energy of the emissions that arise due to the Fe
3+ 

3d to O
2- 

2p de-

excitations of the electrons. Although slightly higher, however, the observed values of 

~2.23 eV and 2.13 eV were in good agreement with the literature values and also 

validated by the optically evaluated bandgap energies (Fig. 1a). Additionally, the 

significantly lower emission intensity predicted the better ability of γ-Fe2O3 in quenching 

the charge carrier recombination process than α-Fe2O3. As the synthesis of γ-Fe2O3 has 

been carried out by Fe
2+

 rather than Fe
3+

 ions, probably due to the fraction of Fe
2+

 ions 

present in the structure, the convinced defects serve as the trapping sites for the excited 

electrons. The comparison of the Raman spectra of the two polymorphs is presented in 

the inset of Fig. 1d. It is important to mention here that for both the polymorphs, even 

after the repeated analysis, well-resolved Raman peaks were not observed. However, the 

identification of the maxima was possible in the broad Raman shift patterns. The major 

peaks for α-Fe2O3 appeared at 175.34, 206.91, 251.52, 327.79, 444.36, 519.57 and 590.93 

cm
-1

. As per literature, with the minor variations, the peaks at 204.52 cm
-1

 and 519 cm
-1

 

were assigned to A1g mode whereas the peaks at 250.52, 322.79, 440.36 and 590.93 cm
-1

 

corresponded to E2g mode [52]. Compared to α-Fe2O3, a significant change in the peak 
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position was noticed for γ-Fe2O3 and the major peaks were observed at 180.16, 211.98, 

271.76, 323.83, 380.72, 499.32 and 590.93 cm
-1

. These peaks also correspond to the same 

vibrational modes as that for α-Fe2O3 however, depicted different rigidities of Fe-O bonds 

in both due to different structural arrangements. The absence of the typical peak in 660-

670 cm
-1

 region completely ruled out the existence of Fe3O4 (magnetite) phase [52, 53]. 

Fig. 2 shows the comparison of the XRD patterns of α and γ polymorphs of 

Fe2O3. Both the polymorphs showed the distinct XRD patterns with visible variations. 

The major reflections of α-Fe2O3 appeared at 2θ values of 24.14º, 33.14º, 35.65º, 40.86º, 

49.57º, 62.40º and 64.04º that represented the (012), (104), (110), (113), (024), (214) and 

(300) faces respectively, of the rhombohedral geometry (JCPDS # 33-0664) [54-56]. A 

crystallite size of 40.2 nm was evaluated on the basis of the most intense reflection at 

33.14º. Although few reflections were common for both the polymorphs, however, the 

XRD pattern γ-Fe2O3 was distinctly different from that of α polymorph. For γ-Fe2O3, the 

foremost reflections at (220), (311), (400), (422), (511) and (440) represented the faces of 

the cubic structure [55-58]. A sound agreement was noticed between the experimentally 

observed with that of standard values (JCPDS# 39-1346) [55-58]. The application of 

Scherer’s equation on the most intense reflection revealed a crystallite size of 31.9 nm. 

The sharpness of the peaks in the XRD patterns of both the polymorphs depicted the high 

crystallinity and phase purity of the polymorphs.   

The FESEM images of α and γ polymorphs of Fe2O3 at 60kx, 120kx and 250kx 

are compared in Fig. 3a- f. For α-Fe2O3, the adopted synthetic route resulted in a wide 

particle size distribution that ranged between 30-70 nm. The bigger particles appeared to 

be the aggregates of the smaller particles. Interestingly, a uniformity in the shape that was 
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independent of the size of the particles, was witnessed.  On the other hand, the adopted 

procedure truncated the particle size distribution of the γ-Fe2O3, where the particle size 

ranged between 10 nm to 40 nm. Additionally, various irregular morphologies with 

respect to the shape of the particles were also dominant. Probably, due to the magnetic 

nature, the aggregation of the smaller particles into larger particles was observed as the 

common feature.  

The microstructure analysis, existence of synthesis associated defects and the 

phase purity of the polymorphs was further investigated by HRTEM analysis. The 

HRTEM images of the α-Fe2O3 are presented in Fig. 4. The images at different 

resolutions (Fig. 4a and b) clearly revealed the size-independent rhombohedral geometry 

of the particles with sharp edges. The focusing at high magnification indicated more than 

one lattice arrangement of atoms in a single crystal. The isolated fringe patterns with the 

d-spacing of 0.252 nm and 0.283 nm are presented in Fig. 4c and d, respectively. The 

major phase with the d-spacing of 0.252 nm represented the dominant rhombohedral 

geometry whereas the lattice pattern with the spacing of 0.283 nm represented the minor 

defect phase in the crystal. The observation confirmed the non-stoichiometric defective 

structure of the synthesized α-Fe2O3. The SAED patterns of the isolated atomic 

arrangements, Fig.4e, and f also verified the major and defect phases in the synthesized 

powder. The HRTEM images of the γ-Fe2O3 are presented in Fig. 5. The irregular shaped 

particles of γ-Fe2O3 as estimated by FESEM, are observable in the TEM image (Fig. 5a). 

The reflections in the SAED pattern, as presented in Fig. 5b, were consistent with the 

XRD sequence of cubic γ-Fe2O3. The phase purity of the synthesized powder was 

assessed by focusing the single crystals at two different locations. Both the images, as 
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presented in Fig.5c and d, revealed the existence of the similar atomic layer arrangements 

with the d-spacing of 0.283 nm.  

The assessment of the oxidation states and chemical environment of Fe in α- and 

γ- polymorphs of Fe2O3 was carried out by XPS analysis. The wide-angle survey scans of 

both the polymorphs in the binding energy range of 0 eV to 1350 eV are compared in Fig. 

6a, where the peaks corresponding to Fe, O, and C are observable. The characteristic C 1s 

peak at ~284.08 eV authenticated the validity of the adopted procedure. The comparison 

of the high-resolution Fe 2p peaks of both the polymorphs is presented in Fig. 6b. 

Apparently, both the peaks were of asymmetric nature that indicated the existence of 

either multiple oxidation states or the varying chemical environment of Fe
3+

 in the 

samples. For α-Fe2O3, the Fe 2p3/2 and Fe 2p1/2 peaks appeared at ~710.88 eV and 

~724.98 eV respectively, whereas for γ-Fe2O3 the same were observed at ~711.68 eV and 

~725.18 eV. The intensity of the distinct shakeup satellite at ~719 eV was significantly 

higher for α- as compared to γ- polymorph. The observed shapes and the positions of the 

Fe 2p peaks were in accordance with the previous studies [59, 60]. The high-resolution O 

1s peaks are compared in Fig. 6c, where the dominant peaks were observed in ~530 eV 

and ~532 eV region that were assigned to skeletal and surface oxygen respectively. The 

intensity of the peak corresponding to the surface oxygen was significantly higher for γ as 

compared to α-Fe2O3 that depicted the higher tendency of γ-Fe2O3 towards surface O-H 

formation. The observation was in compliance with that reported earlier [61, 62]. The 

deconvoluted, fitted Fe 2p peaks of both the polymorphs are compared in Fig. 6d and e, 

respectively. The careful analysis and fitting revealed the splitting of both Fe 2p3/2 and Fe 

2p1/2 peaks due to the changed chemical environment rather than varying oxidation states. 
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For α-Fe2O3, the intensity of the peak due to the skeletal Fe
3+

 was significantly higher 

than that of surface Fe
3+

 whereas the increased intensity of the surface Fe
3+

 was 

witnessed for γ-polymorph. The observation was in agreement with the analysis of O 1s 

peaks for both the polymorphs.                     

Prior to actual photocatalytic experiments, the estimation of the adsorption of 2-

NP revealed a significantly high adsorption on α-Fe2O3 (~24%) as compared to that on γ-

Fe2O3 (~9%) that depicted the availability of a sufficiently higher number of active sites 

at the surface of α- as compared to γ- polymorph. The comparison of the time-scale 

percentage degradation of 2-nitrophenol (2-NP) on both the polymorphs, as extracted 

from the HPLC degradation profiles, in the complete spectrum and visible region sunlight 

exposure is presented in Fig. 7a. The α-Fe2O3 degraded ~36% in the initial 30 minutes of 

exposure, whereas γ-Fe2O3 removed only ~23% of 2-NP in the same period. Both the 

polymorphs showed sluggish activity in the initial 60 minutes of exposure whereas a 

significant improvement was noticed afterward. Although the activity of γ-Fe2O3 for the 

removal of 2-NP was slightly lower than that of α-Fe2O3, however, both the polymorphs 

managed to degrade ≥ 99% of 2-NP in 300 minutes of sunlight exposure. Although much 

lower than that in the complete spectrum, a consistent degradation of 2-NP was noticed 

on both the polymorphs in the visible region sunlight exposure. Compared to ~67% and 

~53% removal in 90 minutes of complete spectrum, ~40% and ~31% of 2-NP was 

removed over α and γ-Fe2O3 respectively, in the visible region exposure, in the same 

period. After 300 minutes of exposure, the α and γ polymorphs removed 74% and 70% of 

2-NP respectively. The validation of the Langmuir-Hinshelwood kinetic model for 

pseudo-first order reactions for the removal of phenols was evaluated by plotting the 
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ln(Co/C) versus the sunlight (complete spectrum/visible) exposure time and presented in 

Fig. 7b. It was noticed that the degradation process in the complete spectrum sunlight 

exposure completely deviates from the kinetic model for both the polymorphs. The rate 

of the degradation process increased gradually in the initial 90 minutes of exposure 

followed by an abrupt increase afterward. On the other hand, a sound validation was 

experiential for both the catalysts in the exposure of the visible region of the sunlight 

where a linear increase in the rate of degradation was witnessed with the increased 

exposure time. In the visible region exposure both the polymorphs degraded 2-NP almost 

at the same rate and the observed rate constant was ~3.5 × 10
-3

 min
-1

. 

As presented in Fig. 7c, compared to ~24% for 2-NP, the adsorption of 2-

chlorophenol (2-CP) on α-Fe2O3 was substantially lower i.e. ~14%, whereas 1% higher 

than 2-NP on γ-Fe2O3. As compared to 2-NP, the removal of 2-CP was significantly 

lower on both the polymorphs. In the initial 60 minutes of exposure, ~34% and ~32% of 

2-CP compared to ~47% and ~38% of 2-NP was degraded in the presence of α and γ 

polymorphs. Interestingly, in case of 2-CP, both the polymorphs performed almost 

equally in the initial 120 minutes of sunlight exposure however, α-Fe2O3 showed higher 

activity afterward. Both the polymorphs removed ≥ 99% of 2-CP in 300 minutes of 

exposure. For the removal of 2-CP in visible region exposure, the behavior of both the 

polymorphs was similar to that for 2-NP degradation, however, the activity of α-Fe2O3 

was marginally higher than that of γ-Fe2O3. After the prescribed time of 300 minutes of 

visible light exposure, ~82% and ~76% of 2-CP was removed by α and γ polymorph 

respectively. The graphical evaluation of the rates of the degradation of 2-CP is presented 

in Fig. 7d, where a situation similar to that of 2-NP degradation was witnessed. The 
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Langmuir-Hinshelwood kinetic model was completely violated for the degradation of 2-

CP in the complete spectrum sunlight exposure whereas, validated in the exposure to the 

visible region exposure. The evaluated rate constants for the removal of 2-CP were ~4.7 

× 10
-3

 min
-1

 and ~4 × 10
-3

 min
-1

 for α- and γ- polymorph of Fe2O3.  

The comparison of the simultaneous TOC removal (ppm) during the degradation 

of 2-NP as a function of the complete spectrum and visible light exposure time over α 

and γ-Fe2O3 is presented in Fig. 8a. Starting from ~26 ppm in the dark, α- and γ-Fe2O3 

reduced the TOC of the system to 1.4 ppm and 2.01 ppm respectively in 300 minutes of 

complete spectrum sunlight exposure. The concurrent decrease in the TOC clearly 

indicated that the degradation and TOC removal process proceeds simultaneously. The 

TOC removal during the degradation of 2-NP in the exposure of visible region was 

significantly lower (≤ 40% for both the polymorphs) than that observed for complete 

spectrum sunlight exposure. The graphical evaluation of the rate constants for the TOC 

removal for both the polymorphs under the preset exposure conditions is presented in Fig. 

8b. A mild variation from the Langmuir-Hinshelwood kinetics was witnessed for the 

TOC removal process for both the polymorphs. The rate of TOC removal in the visible 

region was significantly lower than that observed for complete spectrum sunlight 

exposure. The observed rate constants for the TOC removal in visible light exposure were 

~2.2 × 10
-3

 min
-1

 and ~1.9 × 10
-3

 min
-1

 for α- and γ- polymorph, respectively. As 

presented in Fig. 8c, compared to 2-NP, the TOC removal for 2-CP was rather slow and a 

low TOC removal was noticed at the completion of 300 minutes of the exposure time. 

The graphical evaluation of the rate constants (Fig. 8d) also revealed low rates of TOC 

removal for both the polymorphs during the degradation of 2-CP. Interestingly, contrary 
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to that observed in the 2-NP substrate degradation and mineralization, for 2-CP, a sound 

corroboration of Langmuir-Hinshelwood kinetics was witnessed for TOC removal 

process for both the polymorphs.  The evaluated rate constants for the TOC removal in 

the presence of for α and γ polymorphs were ~6.4 × 10
-3

 min
-1

 and ~5.6 × 10
-3

 min
-1

 

respectively, which were substantially lower than that of 2-NP. The rate constants for 

TOC removal in the visible region of sunlight during the degradation of 2-CP were also 

lower than that observed for 2-NP however, the Langmuir-Hinshelwood kinetic model 

was also validated. 

From the results presented above, the major findings can be summarized as 

follows: 

 The initially low degradation of phenolic substrates followed by a sharp 

increase, in the complete spectrum sunlight compared to visible region 

exposure, depicted the probable changes induced by UV photons that enhance 

the yield of reactive oxygen species (ROS) in the system.   

 Although occur simultaneously, the rapid degradation compared to 

mineralization revealed the degradation as priority process. 

 The substrates are not mineralized directly followed by degradation rather 

intermediates are formed. 

 The comparable rates of degradation whereas the low rate of mineralization of 

2-CP compared to that of 2-NP, indicate that the degradation of 2-NP and 2-

CP results in the formation of intermediates that differ both in chemical nature 

and stability. 
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Both α- and γ- polymorphs of Fe2O3 are the n-type semiconductors and differ only 

in the structural arrangement of Fe
3+

 and O
2-

 entities in the crystal structure that impart 

rhombohedral and cubic geometry, respectively. As the nature and population of the ROS 

generated, with the absorption of the photons, in the photocatalytic system, is dependent 

on the electrochemical potential associated with the band edges, therefore the same was 

evaluated theoretically by applying the procedure detailed in equations 1 and 2 below 

[63, 64]: 

gv E5.0E            (1) 

gc E5.0E           (2) 

 Where χ is the electronegativity and Eg is the bandgap excitation energy. The 

acquired values of Ev and Ec against the absolute vacuum scale (AVS) can be 

transformed to that against the normal hydrogen electrode (NHE) by using the relation 

below in equation 3: 

      5.4)AVS(E)NHE(E         (3) 

 Therefore, using the electronegativity value of 5.88, for Fe2O3, from the literature 

[51] and the experimentally evaluated band edge positions of 2.1 eV and 2.0 eV for α and 

γ- polymorphs, the evaluated potentials of the valence and the conduction bands were 

+2.43 V (Ev, α-Fe2O3), +2.38 V (Ev, γ-Fe2O3), +0.33 V (Ec, α-Fe2O3) and +0.38 V (Ec, γ-

Fe2O3). The estimated values for α-Fe2O3 were in sound agreement with the 

experimentally determined values [65].  

In the aqueous photocatalytic system, the hydroxyl and superoxide radicals, 

jointly termed as reactive oxygen species (ROS), are regarded as the “primary oxidants” 

that are produced as a result of water oxidation and reduction of adsorbed or dissolved 
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oxygen. The further interaction of primary ROS other and molecular, radical and ionic 

species presents in the system produce a number or long or short-lived “secondary ROS”. 

The generation and population of the primary ROS are regulated by the electrochemical 

potential of the band edges of the photocatalyst under illumination. The generation of 

primary ROS is outlined in the equations 4 and 5 below [66].   

 

)V23.1E(HHOOHhOH v2vb2  
   (4) 

)V28.0E(OeO ccb2  
      (5) 

 

Based on the above equations, the analysis of the evaluated potentials of the band 

edges revealed the suitability of Ev of both the polymorphs for the oxidation of water, 

however, the positive value of Ec completely ruled out the possibility of the formation of 

superoxide anion radicals. Therefore, for both the polymorphs, it can be anticipated that 

the degradation of the phenolic substrates is carried out by the interaction of the hydroxyl 

radicals. To verify this assumption, the time-scale HPLC profiles for the degradation 2-

NP and 2-CP over α and γ polymorphs in full spectrum sunlight exposure were plotted 

and presented in Fig. 9a-d, where the adsorption of the substrates on the catalysts in the 

dark, the progressive decrease in the concentration of phenolic substrates and the 

formation of intermediates (represented by the blue arrow) is observable.  Although the 

concentration of both the substrates was 50 ppm, however, compared to 2-CP, a 

significantly intense peak response of 2-NP, at the detector wavelength of 254 nm, was 

noticed. Additionally, as expected, the appearance of the intermediates at diverse 

retention times for both the substrates depicted their dissimilar chemical nature. 
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Interestingly, the observed patterns of degradation of the single substrate either 2-NP or 

2-CP on both the polymorphs were indistinguishable. The identification of intermediates 

for both the substrates by HPLC (based on the availability of reference materials) and 

GCMS revealed hydroxyl groups substituted intermediates. In the GCMS analysis of 

selected samples, besides the hydroxyl group substituted intermediates a variety of 

oxygenated aliphatic intermediates that included alcohols, esters etc. In the exposure of 

the visible region of sunlight, along with the minute fraction of aliphatic oxygenates, the 

majority intermediates were hydroxyl substituted intermediates. The analysis and 

comparison of the HPLC profiles (Fig. 9) also revealed the formation of “hard” 

intermediates in the degradation of 2-CP that resist mineralization process whereas “soft” 

intermediates are formed during the degradation of 2-NP and mineralized with ease. 

Compared to visible region, in the complete spectrum sunlight exposure, the 

linear rate of degradation initially followed by an abrupt increase afterward along with 

the presence of aliphatic oxygenates as intermediates in the degradation of both the 

substrates over α and γ polymorphs unveiled the significant role of just 3-5% portion of 

UV photons in natural sunlight. It was anticipated that the absorption of the UV photons, 

having significantly higher energy than the bandgap of both the polymorphs, induces 

structural changes at the surface that facilitates the quenching of excitons recombination 

for a prolonged lifetime, improve transfer-ability and enhanced activity. Probably, the 

absorption of the energetic UV photons (Ep ˃˃Eg) leads to the estrangement of Fe
3+

-O 

bond pledging the formation of Fe
3+

 based surface defects that act as a trap and transfer 

centers for the excited electrons. 
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 To verify the assumption of induction of surface defects by UV photons, the 

unexposed and pre-sunlight exposed α- and γ-Fe2O3 were subjected to electrochemical 

analysis by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

both in the dark and under illumination. To rule out the effect of pH and the possible 

interaction or interference from the electrolyte, 0.1M KCl was used as the electrolyte at 

neutral pH. The CV’s were recorded in a broader potential range of -1.5 to +1.5 V. The 

comparison of the CV patterns of unexposed α-Fe2O3, in dark and under illumination, is 

presented in Fig. 10a. In spite of discussing all the peaks that appeared in the CV patterns 

under our experimental conditions, we concentrated on the peaks that appeared under 

illumination or that were already present in the dark and their magnitude was enhanced. 

For α-Fe2O3 (unexposed), two anodic (oxidation) peaks at -0.24 V and +0.17 V were 

visible in the dark. There was no change in the intensity of the peak at -0.24 V, in the 

dark and under illumination, whereas the intensity of the peak at +0.17 V was 

significantly enhanced under the exposure and attributed to the oxidation of surface Fe
2+

 

to Fe
3+

 species. The appearance of the same in the dark verified the pre-existence of Fe
2+

 

based defects in α-Fe2O3 however, the process of formation of these defects is escalated 

with the interaction of UV photons of the complete spectrum sunlight that results in the 

enhancement of oxidation peak current. A similar behavior was observed for unexposed 

and pre-exposed γ-Fe2O3 (Fig. 10b), however, the intensity of the oxidation peak at +0.17 

V was significantly lower than that of α-Fe2O3 under both exposure conditions that 

proved its superior stability under UV exposure. Additionally, the higher background 

current for γ-Fe2O3 depicted its better charge transfer-ability than α-Fe2O3. The stability 

of both the polymorphs was further investigated by recording the CV patterns of pre-



  

21 
 

exposed polymorphs. The comparisons of the CV patterns of the pre-exposed (prepared 

by exposing to complete spectrum sunlight for three hours) α and γ-Fe2O3, in the dark 

and under illumination, are presented in Fig. 10c and d, respectively. The concurrent 

appearance of the oxidation peak at +0.17 V for pre-exposed α-Fe2O3 under exposure 

revealed the susceptibility of its surface for further formation of Fe
2+

 based defects with 

the interaction of UV photons. Interestingly, no such pattern was witnessed for γ-Fe2O3 

after repeated scans that validated the saturation of Fe
2+

 defects at the surface and 

protracted stability. The study also highlighted the practicality of cyclic voltammetry for 

the identification of surface defects and evaluation of the stability of the materials [67].   

The EIS spectra provide a deep insight to the resistance offered by the material to 

the transfer of electrons to the electrode surface and separation of the electron-hole pair 

[68, 69]. The comparison of the EIS Nyquist plots of the exposed and pre-exposed α-

Fe2O3, under illumination, is presented in Fig. 11a and b, where compared to unexposed, 

a decreased resistance to the electron transfer was noticed for pre-exposed α-Fe2O3 that 

highlighted the significance of Fe
2+

 based surface defects for trapping and transfer of 

excited electrons. The reduced diameter of the high-frequency semicircular portion in the 

EIS spectra of pre-exposed compared to exposed α-Fe2O3 depicted the better 

transportability of excitons generated under illumination. A similar picture was portrayed 

in the low-frequency linear region (presented in Fig. 11c and d). The EIS behavior of pre- 

and unexposed γ-Fe2O3 was identical to that of α-Fe2O3 however, pre-exposed γ-Fe2O3 

exhibited better electron transport capability as compared to pre-exposed α-Fe2O3. The 

better electrical conductance of the pre-exposed polymorphs may be attributed the 

electron capture and transfer capacity of Fe
2+

 surface states.   
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The effects of the UV photons induced Fe
2+

 based surface defects on the 

adsorption and photocatalytic activity was evaluated in the dark and visible region of 

sunlight exposure using 2-NP as substrate. A considerable increase in the adsorption of 

the 2-NP on both the pre-exposed polymorphs was noticed. The comparison of the 

adsorption and degradation of 2-NP in the presence of pre- and unexposed polymorphs is 

presented in Fig. 12. A substantial increase in the adsorption of the 2-NP on both the pre-

exposed polymorphs was noticed. Compared to unexposed α-Fe2O3 (~24%) and γ-Fe2O3 

(~9%), ~31% and ~21% of 2-NP was adsorbed on pre-exposed α and γ polymorph of 

Fe2O3 respectively. The pre-exposed polymorphs also exhibited substantially high 

activity for the degradation of 2-NP as an overall increase of ~20% was observed for both 

the polymorphs. These observations suggested that the surface presence of defects 

enhance the generation of reactive oxygen species (ROS) either by enhancing the water 

oxidation process or the reduction of adsorbed/dissolved oxygen. Hence it can be 

presumed that the surface defects serve as excited electrons trapping and transfer center 

thus extending the life-time of excited states and promoting the transfer of excitons.   

To verify the assumption of the formation of sunlight-induced surface defects, the 

photocatalytic activity of pre-exposed and unexposed α-Fe2O3 and γ-Fe2O3 was examined 

for the degradation of 2-NP in the exposure of the visible region of sunlight. For use in 

the experiment, both the powders were exposed to the natural sunlight in the aqueous 

medium for three hours. The comparison of the activity of the pre-exposed and 

unexposed α-Fe2O3 and γ-Fe2O3 for the removal of 2-NP is presented in Fig. 12. Prior to 

exposure, the evaluation of the adsorption of the substrate at the surface of the powders 

revealed an enhanced adsorption on the pre-exposed samples of both the powders as 
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compared to the pristine samples. The observation led to the inference that the interaction 

of the UV portion (3-5%) of the natural sunlight, as no significant change in the 

adsorption and activity was witnessed for the samples exposed to the visible region of the 

sunlight, generate the active sites that facilitate the enhanced adsorption of the substrate. 

The increased adsorption of varying magnitude further elaborated that the defects are 

generated both powders however, a lower magnitude was observed for γ-Fe2O3 as 

compared to α-Fe2O3. As both the powders are the short bandgap semiconductors, it 

might be presumed that the interaction of high energy UV photons generate the surface 

defects. A more than ~20% increase in the overall activity of the pre-exposed samples 

revealed that the generated active sites not only serve as the adsorption sites but also 

serve as a trap and transfer centers for the excited electrons that in turns enhance the 

photocatalytic activity of the powders in the visible regions. It is important to mention 

here that no significant effect on the magnetic retrievability of γ-Fe2O3 was noticed. 

Additionally, the analysis of the solution for the estimation of Fe based entities in the 

solution revealed the restriction of the defects without the photocorrosion. 

 

4. Conclusions 

 The study revealed that both α-Fe2O3 and γ-Fe2O3 possess the substantial activity 

in the visible region and complete spectrum sunlight exposure. The examination of the 

degradation products revealed that both the powders generate highly oxidizing radicals 

that play a vital role in the degradation/mineralization process. The nature of the 

degradation products is strongly dependent on the nature of the substituents present. The 

electrochemical measurements revealed better stability of γ-Fe2O3 as compared to α-
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Fe2O3. Both the materials are prone to surface defects after absorbing the high energy UV 

photons of the sunlight. The defects play facilitating role in enhancing the photocatalytic 

activity.     Although the photocatalytic activity of γ-Fe2O3 was slightly lower than that of 

α-Fe2O3 however, better chemical stability and magnetic nature make it a better choice 

for photocatalytic applications. 
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Figure Captions 

Fig. 1. The comparison of the (a) solid-state absorption spectra in 200-900 nm range (b) 

graphical evaluation of bandgap (c) PL spectra (d) Raman spectra of α- and γ-Fe2O3.  

Fig. 2. The comparison of the XRD patterns of α- and γ-Fe2O3 in the range of 2θ = 20º - 80º.  

Fig. 3. The comparison of FESEM images of α- Fe2O3 and γ-Fe2O3 at (a, b) 60kx, (c, d) 120kx 

and (e, f) 250kx, respectively.  

Fig. 4. (a, b) The HRTEM images (c, d) the discrete fringe patterns with 0.252 nm & 0.283 nm 

in the single crystal and (e, f) the SAED patterns corresponding to the identified discrete 

spacing of α- Fe2O3.  

Fig. 5.  (a) The HRTEM image (b) the SAED patterns corresponding to the identified discrete 

spacing and (c, d) the identified discrete spacing of 0.283 nm in two different crystals of 

γ-Fe2O3.  

Fig. 6.  The comparison of (a) the wide-angle survey scan (b) Fe 2p peaks and (c) O 1s peaks of 

α- and γ- polymorphs of Fe2O3 whereas the high resolution, deconvoluted fitted Fe 2p 

peaks of α- and γ- Fe2O3 are compared in (d) and (e) respectively.  

Fig. 7. The comparison of the percentage degradation (a, c) and plots of ln(Co/C) versus sunlight 

exposure time (b, d) of 2-NP and 2-CP respectively, over α- and γ-Fe2O3.  

Fig. 8. The comparison of decrease in TOC removal (a, c) and plots of ln(Co/C) versus the 

sunlight exposure time (b, d) 2-NP and 2-CP over α- and γ-Fe2O3 in sunlight exposure.   

Fig. 9. The comparison of HPLC degradation profiles (a) 2-NP, α-Fe2O3 (b) 2-NP, γ-Fe2O3 (c) 

2-CP, α-Fe2O3 (d) 2-CP, γ-Fe2O3 in complete spectrum sunlight exposure.  



  

Fig. 10. The comparison of the CV profiles (a) unexposed α-Fe2O3 (b) unexposed γ-Fe2O3 (c) 

exposed α-Fe2O3 (d) exposed γ-Fe2O3 in the dark and under illumination.  

Fig. 11. The comparison of the EIS Nyquist plots of exposed and unexposed (a, c) α-Fe2O3 (b, d) 

γ-Fe2O3 in the high and low-frequency linear region under illumination. 

Fig. 12. The comparison of the photocatalytic activity of exposed and unexposed α-Fe2O3 and γ-

Fe2O3 for the degradation of 2-NP in the exposure of the visible region of sunlight.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The comparison of the (a) solid-state absorption spectra in 200-900 nm range (b) graphical 

evaluation of bandgap (c) PL spectra (d) Raman spectra of α- and γ-Fe2O3.  
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Fig. 2. The comparison of the XRD patterns of α- and γ-Fe2O3 in the range of 2θ = 20º - 80º.  

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The comparison of FESEM images of α- Fe2O3 and γ-Fe2O3 at (a, b) 60kx, (c, d) 120kx 

and (e, f) 250kx, respectively.  
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Fig. 4. (a, b) The HRTEM images (c, d) the discrete fringe patterns with 0.252 nm & 0.283 nm in 

the single crystal and (e, f) the SAED patterns corresponding to the identified discrete 

spacing of α- Fe2O3.  
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Fig. 5.  (a) The HRTEM image (b) the SAED patterns corresponding to the identified discrete 

spacing and (c, d) the identified discrete spacing of 0.283 nm in two different crystals of γ-

Fe2O3.  
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Fig. 6.  The comparison of (a) the wide-angle survey scan (b) Fe 2p peaks and (c) O 1s peaks of α- 

and γ- polymorphs of Fe2O3 whereas the high resolution, deconvoluted fitted Fe 2p peaks 

of α- and γ- Fe2O3 are compared in (d) and (e) respectively.  

700 705 710 715 720 725 730 735

C
o

u
n

ts
 (

a.
u

.)

Binding energy (eV)

Fe 2p3/2 Fe 2p1/2

Fe3+

Satellite

γ-Fe2O3

700 705 710 715 720 725 730 735

C
o

u
n

ts
 (

a.
u

.)

Binding energy (eV)

Fe 2p3/2

Fe 2p1/2

Satellite

α-Fe2O3

705 708 711 714 717 720 723 726 729 732

C
o

u
n

ts
 (

a.
u

.)

Binding energy (eV)

α-Fe₂O₃ γ-Fe₂O₃

Fe 2p3/2

Satellite

Fe 2p1/2

Fe 2p

526 528 530 532 534 536

C
o

u
n

ts
 (

a.
u

.)

Binding energy (eV)

α-Fe₂O₃ γ-Fe₂O₃

O 1s 530.08 eV

530.28 eV

0 200 400 600 800 1000 1200 1400

C
o

u
n

ts
 (

a.
u

.)

Binding energy (eV)

α-Fe₂O₃

γ-Fe₂O₃

C 1s

Fe 2p

Survey

O 1s

a

b c

d e



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The comparison of the percentage degradation (a, c) and plots of ln(Co/C) versus sunlight 

exposure time (b, d) of 2-NP and 2-CP respectively, over α- and γ-Fe2O3.  
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Fig. 8. The comparison of decrease in TOC removal (a, c) and plots of ln(Co/C) versus the sunlight 

exposure time (b, d) 2-NP and 2-CP over α- and γ-Fe2O3 in sunlight exposure.  
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Fig. 9. The comparison of HPLC degradation profiles (a) 2-NP, α-Fe2O3 (b) 2-NP, γ-Fe2O3 (c) 2-

CP, α-Fe2O3 (d) 2-CP, γ-Fe2O3 in complete spectrum sunlight exposure.  
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Fig. 10. The comparison of the CV profiles (a) unexposed α-Fe2O3 (b) unexposed γ-Fe2O3 (c) 

exposed α-Fe2O3 (d) exposed γ-Fe2O3 in the dark and under illumination.  
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Fig. 11. The comparison of the EIS Nyquist plots of exposed and unexposed (a, c) α-Fe2O3 (b, d) 

γ-Fe2O3 in the high and low-frequency linear region under illumination. 
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Fig. 12. The comparison of the photocatalytic activity of exposed and unexposed α-Fe2O3 and γ-

Fe2O3 for the degradation of 2-NP in the exposure of the visible region of sunlight.  

0

10

20

30

40

50

60

70

80

90

100

-30 0 30 60 90 120 180 240 300

2
-N

P
 d

e
gr

ad
at

io
n

 (
%

)

Sunlight illumination time (min)

adsorption

●
● γ-Fe2O3 (E)

● α-Fe2O3 (U)

● γ-Fe2O3 (U)

α-Fe2O3 (E)

E = Pre-exposed

U = Unexposed



  

α-Fe2O3
(2.1  eV)

VB

CB

e- e- e- e- h+

e-

O2

O2

Photo-reduction

H2O

H2O
+

Photo-oxidation

OH +  H+ 

Intermediates

γ-Fe2O3
(2.0  eV)

VB

CB

h+ e- e- e- e-

e-

O2

O2

Photo-reduction

H2O

H2O
+

Photo-oxidation

H+   +   OH
 

Oxygen

CarbonChloride

Hydrogen

2-CP 2-NP

Nitrogen

H2OCO2

NO2
-Cl

-

Graphical Abstract



  

35 
 

Highlights 

 Facile surfactant aided hydrogel route for the synthesis of Fe2O3 polymorphs. 

 The electrochemical measurements revealed better stability of γ-Fe2O3 

 The photon-induced surface defects enhanced the photocatalytic activity. 

 Priority interaction of ROS with the substrates rather than intermediates.  

 The chloro and nitro group/s assists as initiators in the degradation process. 

 


