
PHYSICS AND CHEMISTRY 

OF SOLID STATE 
V. 22, No. 1 (2021) pp. 101-109 

 Vasyl Stefanyk Precarpathian 

National University 

Section: Physics  

DOI: 10.15330/pcss.22.1.101-109 

ФІЗИКА І ХІМІЯ ТВЕРДОГО ТІЛА 

Т. 22, № 1 (2021) С. 101-109 

Фізико-математичні науки 
 

101 

PFCS: 61.46.Hk, 61.82.Fk, 64.75.Qr, 73.63.Bd, 78.67.Sc, 82.65.+r ISSN 1729-4428 

A. Hrubiak1, O. Khyzhun2, B. Ostafiychuk1,3, V. Moklyak1,3, Yu. Yavorskyi4, 

R. Lisovsky1,3,5, L. Keush6, B. Onyskiv7 

Nanostructured Mesoporous -Fe2O3: a Novel Photocatalyst for 

Degradation of Organic Pollutants 

1Institute of Metal Physics, National Academy of Science, Kyiv, Ukraine, hrubyak_andrii@ukr.net 
2Institute of Materials Science I.M. Frantsevich, Kyiv, Ukraine, khyzhun@ukr.net 

3Vasyl Stefanyk Precarpathian National University, 57 Shevchenko str., 76018 

 Ivano-Frankivsk, Ukraine, hrubyak_andrii@ukr.net 
4National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine, yar-yra@ukr.net 

5Ivano-Frankivsk National Medical University, Ivano-Frankivsk, Ukraine, lesrom2000@gmail.com 
6National Metallurgical Academy of Ukraine, Dnipro, Ukraine, linakeush@gmail.com 

7Ivano-Frankivsk Scientific Research Forensic Center of the Ministry of Internal Affaris of Ukraine,  

Ivano-Frankivsk, Ukraine, onuskivb@gmail.com  

 

The modified sol-gel synthesis technique was used to create of nanostructured maghemite (γ-Fe2O3). It has 

been shown that the molar concentration of the original precursors during synthesis affects on the average particle 

sizes, specific surface area, pore size distributions, optical and conductivity properties. The XPS metod allowed 

to establish features of electronic structure of the synthesized materials. Optimal conditions for the synthesis of 

nanostructured maghemite with mesoporous structure were selected. The mechanism of electrical conductivity 

formation for synthesized mesoporous materials was established. The width of the band gap is determined and its 

dependence on the molar concentration of precursors is established. The positive correlation between the specific 

surface area of γ-Fe2O3 samples and photocatalytic activity was installed - the photocatalytic activity of 

synthesized γ-Fe2O3 increase with growth of specific surface area of samples. 

Keywords: nanostuctured maghemite, mesoporous structure, conductivity, specific surface area, band gap, 

photocatalyst. 
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Introduction 

Nanostructured iron oxides using in various fields of 

modern science and medicine due to its unique physico-

chemical properties, which are clearly manifested in the 

nanoscale state [1-4]. The efficiency of a functional ma-

terial using in each sphere depends on phase compo-

sitions, particles sizes, porous structure, etc. These fac-

tors have vast influence onto physical and chemical pro-

perties of material. The improving of synthesis methods 

of nanodispersed -Fe2O3 open new opportunities to ob-

taining of novel materials. 

In this context, lately, there have been increasing 

reports of the use of iron oxide as a heterogeneous photo-

catalyst for wastewater treatment. The heterogeneous 

photocatalyst of semiconductor nature as Fe2O3, with the 

oxidation/reduction processes on the surface, are one of 

the most promising materials for practical for use as a 

photocatalyst. The application of Fe2O3 are due to several 

reasons: it are more productive in practical use and own 

greater stability in oxidation/reducing processes than 

molecular catalysts. Until now, titanium dioxide was the 

most common and studied heterogeneous photocatalyst. 

Iron oxide has advantages over titanium dioxide it 

exhibits the same performance as TiO2 but has a simpler 

and ecological synthesis process. In addition, TiO2 

exhibits photocatalytic properties only during the 

ultraviolet light action. Since the solar spectrum contains 
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no more than 7% of ultraviolet radiation, this fact is a 

disadvantage for the practical application of titanium 

dioxide as photocatalyst. Nanostructured Fe2O3 are more 

effective photocatalytic material because it work in the 

visible range of solar radiation. 

Among the various structures and phases of iron 

oxides, the study of the photocatalytic activity of meso-

porous iron oxide with metastable modification, like 

maghemite (-Fe2O3) are very interesting scientific task. 

Because in most cases increase the surface area of 

materials or the formation of porous structures with 

desired properties are important for applications. The 

mesoporous -Fe2O3 nanostructures, which gas process 

the combined advantages of rapid charge transfer 

pathway for carrier collection, large surface area for 

increased reaction sites, and excellent light trapping 

which are all favorable characteristics for photocatalytic 

reactions. As follows, the investigation of nanodispersed 

iron oxide crystal, formation of magnetic microstructure 

and the effect of synthesis conditions onto the materials 

phase composition and morphology are important and 

actual. 

The formation of the mesoporous structure occurs as 

a result of the loss of physically adsorbed water and 

citrate groups, which ends at a temperature of about 

330oC [5]. Dehydration and decomposition of oxyhydro-

chlorides occur in the temperature range 170-400oC. The 

interaction of surface groups> Fe - OH <leads to the ap-

pearance of interparticle bridges >Fe-O-Fe<. Given the 

defect and disorientation of the particles of the new pha-

se, oxobridgess between them will initiate recrystalli-

zation and partial agglomeration. 

In this work, we have demonstrated a simple, repro-

ducible and environmentally friendly method for the syn-

thesis of nanostuctured mesoporous -Fe2O3. The main 

aim of article are to investigate the influence of synthesis 

conditions, in particular the molarity of precursors, into 

the morphology, structure, optical, electrical conductivity 

and photocatalytic properties of -Fe2O3. 

I. Materials and methods 

Materials 

Nanostructured -Fe2O3 obtained by the sol-gel route 

[6]. The first stage include the slowly mixing of aqueous 

solutions Fe(NO3)39H2O and С6H8O7 ·H2O (molar con-

centrations 0.025М, 0.1М, 0.3М, 0.5М) and the next 

aging of obtained sol at 60ºС on the air during about 6 

days to formation of the iron citrate hydrate xerogels. 

The following, iron citrate xerogel were anneal at 175ºС 

during 2 hour on the air. Obtained materials were marked 

accordingly to precursors molar concentrations. 

Methods 

The crystalline structure of the powder mixture 

studied by DRON-4-07 diffractometer with monochro-

matic Cu Kα radiation (40 kV, 30 mA). Bragg-Brentano 

geometry and a Ni K-filter were used. A qualitative 

analysis through ICSD structure models was carried out. 

FWHM for a diffraction peak of this reference sample at 

2 = 43.38 was 0.129. The size of the coherently 

scattering domains calculated by the Scherrer equation: 

 
cos

KD 
 

= , (1) 

where K is the Scherrer constant (K = 0.9),  is the 

wavelength (0.15405 nm),  the FWHM (in radians) and 

 is the peak angular position. As profile shape, we used 

a combination of Gauss and Cauchy (dominated) 

functions. 

The XPS core-level and valence-band spectra was 

recorded in an ion-pump chamber (base pressure less 

than 510-10 mbar) of the UHV-Analysis-System 

produced by SPECS Surface Nano Analysis Company 

(Berlin, Germany). In the System, a PHOIBOS 150 

hemispherical analyzer were used. The XPS spectra of 

the -Fe2O3 samples were excited by the Mg K source 

of X-ray radiation (E = 1253.6 eV) and were measured at 

constant pass energy of 25 eV. The spectrometer energy 

scale was calibrated by setting the Au 4f7/2 and the Cu 

2p3/2 binding energies of pure metallic reference samples 

to 84.00  0.05 eV and 932.66  0.05 eV, respectively, in 

reference to the Fermi energy (EF) [7]. The surface 

charging effects were accounted for by measuring the 1s 

line of adventitious carbon (284.6 eV) as suggested for 

iron- and oxygen-bearing compounds [8]. 

The morphology of the samples was studied by 

scanning electron microscopy (SEM) JSM- 6490 LV 

JEOL operated at 30 kV. 

Electrical conductivity σ as a function of frequency 

was measured by the method of impedance spectroscopy 

in the frequency range of 0.01 - 100 kHz (Autolab PG-

STAT 12/FRA-2 analyser); all samples were made in 

pellet form with the diameter of 17·10-3 m and thickness 

of 0.1·10-3 m under pressure about 33 - 35 MPa and the 

room temperature. 

The optical transmittance spectra of samples were 

take by UV-VIS Spectrophotometer USB 2000 Fiber 

Optic Spectrometer in the wavelength range 400-900 nm. 

Methylene blue (MB) used as a model to evaluate 

the photocatalytic activity of - chosen using the linear 

part of the absorbance-concentration curve. Visible light 

irradiation provided by a 500 W halogen lamp. To avoid 

the heating of the solutions were used the Corning  

K-glass filter. The residual concentration of MB solution 

were monitored using UV-visible absorption 

spectrometry ULAB-103 UV/VIS. 

II. Results and discussion 

X-ray diffraction analysis 

According to XRD all materials obtained by thermal 

decomposition of xerogel are monophase ultrafine -

Fe2O3 (Fig. 1). Average sizes of X-ray coherent scatte-

ring areas have tendency to growth with the precursors 

molar concentration increasing: 6±2  for 0.025M and 

0.1M samples, 7±2  for 0.3M and 10±2 nm for 0.5M. 

 

X-ray diffraction analysis 

Fig. 2 shows the survey XPS spectra of the γ-Fe2O3 

samples obtained at different precursor molar 

concentrations. All XPS spectral features, except the C1s 

level and C KLL Auger line are account for the 

constituent atom core-levels or Auger lines of γ-Fe2O3. 

http://www.ijest-ng.com/vol2_no8/ijest-ng-vol2-no8-pp127-146.pdf
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Fig. 3 shows the main core-level spectra associated 

with iron and oxygen. The maxima of the XPS O 1s 

core-level spectra (Fig. 3, a) are positioned at about 

530.0  0.2 eV. This binding energy value corresponds to 

oxygen forming Fe–O bonds in γ-Fe2O3. However, all the 

O 1s core-level spectra characterize by the presence of a 

shoulder at about 531.8 eV. 

The shoulder formed by oxygen-containing species  

adsorbed on the γ-Fe2O3 sample surfaces. XPS Fe 2p 

core-level spectra (Fig. 3, b) are simple spin doublets 

with the XPS Fe 2p3/2 binding energies (710.9 -

711.0)  0.1 eV corresponding to iron atoms in charge 

state Fe3+ [9]. We did not detect any visible changes in 

shapes and energy positions of the maxima of the XPS 

Fe 2p core-level spectra with changes in precursor molar 

concentrations of the γ-Fe2O3 samples under consi-

deration. However, from Fig. 3, c, we could see some 

changes in the XPS C 1s core-level spectra. From this 

figure, we can see that the C 1s spectra reveal a three-

peak structure in every studied sample. The main peak at 

284.6 eV obviously attributed to adventitious hydro-

carbons, while the shoulder at about 288 eV could be 

explain by the presence of C–NHx groups adsorbed on 

the sample surfaces [10]. 

The origin of the fine-structure peculiarity at 281 -

282 eV of the XPS C 1s core-level spectra measured for 

γ-Fe2O3 obtained at different precursor molar 

concentrations is probably due to formation of some 

carbon bonding with iron in the superficial layers of the 

particle. However, this suggestion needs additional 

studies for clarifying the origin of the mentioned fine-

structure peculiarity of the measured C 1s core-level 

spectra. 

The XPS valence-band spectra presented in Fig. 4 

 
 

Fig. 1. XRD patterns of -Fe2O3 samples obtained at 

the different precursors molar concentration. 
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Fig. 2. Survey XPS spectra of γ-Fe2O3 samples 

obtained at different precursor molar concentrations. 

 
 

 
 

 
 

Fig. 3. XPS (a) O 1s, (b) Fe 2p and (c) C 1s core-level 

spectra of γ-Fe2O3 samples obtained at different 

precursor molar concentrations. 
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reveal no visible alterations in their shapes and energy 

positions of the fine-structure peculiarities when 

changing molar concentrations during synthesis of the γ-

Fe2O3 samples under study. 

 

Impedance spectroscopy analysis 

Fig. 5 shows the frequency dependences of the 

conductivity -Fe2O3 samples obtained at the different 

precursors molar concentration. Curves have peculiarities 

typical for disordered dielectrics and semiconductors – 

weak changes of the conductivity at low frequencies and 

the increase with frequency enlarging. For interpretation 

of electrical-relaxation phenomena for dc and ac 

conductivities, Jonscher power law were used: 

 ( ) ( )1
s

dc h
    = + 

  
, (2) 

where σdc is the dc conductivity, ωh is the hopping 

frequency of the charge carriers, and s is a frequency 

exponent parameter in the range 0 < s < 1 characterizing 

the deviation from Debye behavior and measurement of 

the interionic coupling strength [11]. 

For 0.1 M and 0.5 M s = 0.94 and 0.98, respectively 

and this indicates that these system is in a state close to 

the Debye model and observed conductivity behavior can 

explained by small polaron hopping mechanism [12]. 

The electrical properties of maghemite as wide-band 

semiconductor materials was caused by short-range 

metal-ligand bonding. According to calculations [13], 

conduction states of iron oxides are highly localized and 

strong electron-phonon interactions stabilize charge 

carriers in a lattice distortion, forming midgap polaronic 

states. As a result, electrons localized at partially filled 

3d-states will self-localize as metal-centered small 

polarons. In our case, correlated barrier hopping [14] is 

the most appropriate model. The power law exponents (s) 

lies between 1 and 0.5 in the case of long-range pathways 

and diffusion-limited hopping. The increase in ac 

conductivity would be attribute to the lowering of the 

activation barrier at higher frequencies. For another two 

samples (0.025 M and 0.3 M) power law exponents are 

grater then 0.6 (0.75 and 0.85, respectively) and as a 

result they have the same conductivity mechanism with 

the morphological peculiarities influence. 

The dc conductivity (σdc) decrease with the 

increasing of molar concentration, which was caused by 

the enlarging of average size of primary particles (Fig. 5) 

(corresponds to the sizes of X-ray coherent scattering 

areas). These data is an indirect confirmation of XRD 

patterns interpretation. In addition, the crystal structures 

of maghemite and magnetite are very close and these 

phases XRD separation for the case of disordered 

samples is the complex task. The specific conductivity of 

magnetite is about 102 - 103 Оm-1сm-1, while for 

maghemite this characteristic is 8 - 9 orders lower [15]. 

Fig. 6 shows changing of dc conductivity and charge 

carriers hopping frequency of γ-Fe2O3 samples vs diffe-

rent molar concentration of precursors. From these curve 

we could see, law charge carriers hopping frequency 

have the local maximum for the 0.1 M sample with the 

continuous decrease with the next particle size enlarging 

for materials. 

 
 

Fig. 4. XPS valence-band spectra (including upper O 

2s core-level) of γ-Fe2O3 samples obtained at different 

precursor molar concentrations. 

 

 
Fig. 5. The frequency dependence of the real 

conductivity σ(ω) for γ-Fe2O3 samples obtained at 

different precursors molar concentrations (The solid 

lines are obtained from a Jonscher power-law fit of ac 

conductivities). 
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Fig. 6. The depending of dc conductivity and charge 

carriers hopping frequency of γ-Fe2O3 samples vs 

different molar concentration of precursors. 

0.0 0.1 0.2 0.3 0.4 0.5
10-7

10-6

10-5

Molar concentration of precursors

d
c
 c

o
n

d
u

c
ti

v
it

y
 [

O
h

m
-1

m
-1

]

http://scholar.google.com.ua/scholar?q=electron+hopping+mechanism&hl=uk&as_sdt=0&as_vis=1&oi=scholart&sa=X&ved=0ahUKEwihxZKS8-DNAhXra5oKHVYOCbgQgQMIGDAA


Nanostructured Mesoporous -Fe2O3: a Novel Photocatalyst for Degradation of Organic Pollutants 

 105 

SEM study 

Accordingly to the SEM data, all obtained materials 

are characterized by porous structure as a result of evapo-

ration of metal-organic precursor decomposition products 

at the initial xerogel thermal treatment (Fig.  7). 

The tendency to porosity increasing with the 

enlarging of precursors molar concentration was 

observed for 0.025 M, 0.1 M and 0.3 M samples. At the 

same time, large agglomerates and cracks present on the 

sponge-like porous surface of 0.5 M material. 

 

Morphological study 

Isotherms of adsorption/desorption for the all 

samples have hysteresis of H4 which is characteristic of 

mesoporous materials with pore diameter of 2 - 50 nm. 

Specific surface areas of obtained materials vary 

depending on the precursors molar concentrations in a 

range 105 - 160 m2/g (Fig. 8). 

The increasing of precursors concentration up to 

0.3 M causes the porosity increase that agrees with the 

SEM results. The decreasing of specific surface area for 

       
 

        
 

Fig. 7. SEM images of γ-Fe2O3 samples obtained at different precursors molar concentrations. 

 
 

Fig. 8. Specific surface area of γ-Fe2O3 samples 

obtained at different precursors molar concentrations. 
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Fig. 9. Adsorption-desorption isotherms 

samples of series 0.3 M. 
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0.5 M sample corresponds to particles enlarging. The 

maximum for 0.3 M sample are the result of develop 

porous structure (Fig. 9).  

For all samples there is a characteristic the 

dependence of the specific volume of pores on size in the 

range of 3 - 7 nm and the presence of a maximum around 

5 nm. For 0.3 M series samples, in addition to the gene-

rally higher value of the pore volume, mesopores with a 

diameter of 2 - 3 nm has present. We can also identify 

pores with a size of about 4 nm, the relative contentration 

of which varies for different sample systems. Increasing 

the value of the specific surface area of the samples of 

series 0.3 M leads to an increase in the pore volume: for 

the sample annealed at 175 oC the pore volume is 0.165 

cm3/g (Fig. 9), while for the sample series 0.5 M 

annealed at the same temperature - 0.140 cm3/g. 

 

Band gap study 

Another proof of nanodispersed maghemite 

obtaining are optical absorption data (Fig. 10, a). For all 

materials, bandgap energy is close to 2.0 eV that 

corresponds to -Fe2O3 [16], while for Fe3O4 bandgap 

energy is about 0.1 eV [17]. Bandgap of obtained 

materials are investigations by used optical spectroscopy 

in the visible ranges. The optical transmittance spectra of 

the synthesized materials (water dispersions) studied in 

the range 400 - 900 nm. 

The nature of the transitions and the band gap 

calculated by using equation: 

 

1
2const h h Eg  =  − 

  , (3) 

where n = 1/2 for direct optical transitions and n = 2 for 

indirect transitions. The plots of (h)2 as a function h 

(Fig. 10, b) have a linear character, so all obtained 

material have direct optical band gap. The extrapolation 

of the straight line to a  = 0 gives a direct band gap 

values. These values decreased from 2.18 to 2.04 eV 

with increase in molarity of the precursor sol from 0.025 

to 0.5 M. 

On the other hand, we can see a clear correlation: 

with increasing dispersion of the material and decreasing 

particle size, the size of the band gap increases. 

At [18] proposed the correlation model between the 

effective band gap of a material and the average particle 

size based on the variation of exciton energy and particle 

size. The ground state of the electron hole pair are the 

lowest excited state of the crystallite. 

The ground state energy of an exciton or the increase 

in effective band gap as a function of crystalline size 

estimated as: 

 

 ( ) 2 2 * * 2
8 1 1 1.8 4

0
Bulk

E R E h R m m e Rg g e p = +  + − 
 

, (4) 

 

 

     
 

Fig. 10. Transmission spectra (a) and dependence [αhν]2(hν) (b) for γ-Fe2O3 samples obtained at different 

precursors molar concentrations. 
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where E g (r) is the band gap of the nanoparticle, E g,
bulk is 

the bulk semiconductor band gap, h is Planck's constant 

(6.6260 × 10−34 m2 kg/s),   is the relative dielectric 

constant of the material [19], o  is the permittivity of free 

space, R  is the radius of the particle, m e and m h is the 

effective masses of the electron and hole. 

Thus, analyzing equation (4), we can say that when 

the linear size of particles decreases, the width of the 

band gap of the material increase. Fitted by Bruse 

equation proposed the dependence of the band gap blue 

shift on the average particle size of synthesed maghemite 

and bulk material (Fig. 11). 

It was found that for all synthesized samples of 

maghemite, the band gap is higher than for bulk material. 

In this case, the increasing of band gap compared to bulk 

γ-Fe2O3 caused by quantum confinement. The 

insignificant increasing of band gap of all materials can 

by connected from the dispergation of material after 

sintering at 175 oC and the reconstruction effects of γ-

Fe2O3 nanoparticles surface. 

Photocatalytic degradation study 

Photocatalytic activity of synthesized materials were 

appreciated as degradation profile of MB and 

formaldehyde in water under the illumination of UV and 

visible light. The initial degradation rates of reaction are 

determined by conducting a series of concentration 

versus time experiments. The photocatalytic degradation 

of MB dye shows in (Fig. 12, а). 

The highest photocatalytic activity is characteristic 

of the 0.3 M sample. This material, the fastest destroys 

the dye MB. For all other samples, the destruction time 

of the dye is the same. The calculated values of the 

destruction rate and the constructed dependence on the 

molar concentration of precursors are presented in Fig. 

12, b. As can be seen from the Fig. 12, b and taking into 

account Fig. 8 it can be argued that the photo activity of 

the materials depends on the specific surface area. There 

is a clear correlation – the more dispersed of material, so 

the better its photo activity. 

It known, that the morphology of mesoporous 

maghemite depends on the molar concentration of 

precursors [20] – the increase in the molar concentration 

of precursors leads to an increase in the particle size of 

the maghemite. As a result of annealing of iron citrate, 

there is competition between two processes: dispersion of 

the material due to gas evolution and combustion of the 

organic component and sintering of material particles. In 

turn, at higher molarities of the initial solution and 

sintering and aggregation of particles predominate over 

the processes of dispersion, which leads to the formation 

of particles of larger material [21]. Since the 

photocatalytic activity of the material depends on the 

surface reactions dye to destruction, the material with a 

larger specific surface area will have the highest 

photocatalytic activity. This conclusion confirms by the 

construction of the dependence of the rate of photo 

degradation of the dye on the molar concentration of the 

original precursor. Nano dispersed mesoporous γ-Fe2O3 

obtained from 0.3 M solution of iron citrate is the best 

photo catalyst for the destruction of organic pollutants. 

 
 

Fig. 11. Calculated using Brus equation size-

dependent bangap energy for γ-Fe2O3 (solid line) and 

overplayed experimental bangap energies values for 

optical direct transitions (dots). 
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Fig. 12. The photocatalytic degradation of MB dye (a) and destruction rate dependence on the molar concentration of 

precursors (b). 
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Conclusions 

The sol-gel approach of nanostructured -Fe2O3 

synthesis with different precursor’s molarity, which has 

permitted to obtain the materials with mesoporous 

structure was proposed. The XPS valence-band spectra 

reveal no visible alterations in their shapes and energy 

positions of the fine-structure peculiarities when 

changing molar concentrations during synthesis of the γ-

Fe2O3 samples under study. The average particle sizes, 

specific surface area, pore sizes distributions, optical and 

conductivity properties depended on precursor’s molarity 

were investigated. The mechanism of electrical 

conductivity formation for synthesized mesoporous 

materials was established. The correlation between photo 

degradation constant rates and specific surface area and 

band gap were determined. The increasing of specific 

surface area causes the growth of photo activity of 

materials. 
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Модифікований метод синтезу золь-гель був використаний для створення наноструктурованого 

магеміту (γ-Fe2O3). Показано, що молярна концентрація прекурсорів під час синтезу впливає на 

структурно-морфологічні , оптичні та провідні властивості отриманих матеріалів. Метод XPS дозволив 

встановити особливості електронної структури синтезованих матеріалів. Вибрано оптимальні умови 

синтезу наноструктурованого магеміту з мезопористою структурою. Встановлено механізм формування 

електропровідності для синтезованих мезопористих матеріалів. Визначено ширину забороненої зони та 

встановлено її залежність від молярної концентрації прекурсорів. Встановлено позитивну кореляцію між 

питомою поверхнею зразків γ-Fe2O3 та фотокаталітичною активністю - фотокаталітична активність 

синтезованих зразків γ-Fe2O3 зростає із збільшенням питомої поверхні.  

Ключові слова: наноструктурований магеміт, мезопориста структура, електропровідність, питома 

площа поверхні, ширина заборонеї зони, фотокаталіз. 
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