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Abstract If suitably prepared, hematite (αFe2O3)-based materials may be effective pho-
tocatalysts under visible light. Doping hematite with cations is assumed to improve the
chemical photocatalyst performance of hematite. To check for these effects, the catalytic
efficiency under visible radiation of the pure, Co-, Ni-, Cu-, or Zn-doped nanosized hematite
samples was tested on the degradation of the indigo carmine dye, as a model molecule
to simulate a generic organic substrate. These semiconductors with photocatalyst activity
were first characterized by powder X-ray diffractometry, Mössbauer spectroscopy, scanning
electron microscopy coupled with energy dispersive X-ray spectrometer, diffuse reflectance
spectroscopy and by energy dispersive X-ray fluorescence. The most efficient photocalysts
for the indigo carmine dye degradation were the Cu- and Zn-doped hematite samples. The
relatively higher photocatalytic activity of these two samples are interpreted as being due to
their relatively higher ability, among the tested semiconductors, to absorb the visible light,
efficient charge separation and e−-transference.
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1 Introduction

The pollution of the natural water bodies has been very often related to the growing
industrial and agricultural activities in the global scale. The efforts to reduce any harm-
ful emission and to stimulate the production of cleaner energy sources have progressively
addressed research issues towards the technological development of new catalysts also
destined to remediate polluted natural environments [1, 2], very particularly water bodies.

Semiconductors that are based on metal cation oxides have been reportedly tested as
photocatalysts in the degradation of organic and inorganic pollutants in water [3]. Hematite
(αFe2O3) is thought to be a promising photocatalyst under visible light, taking into account
its optical bandgap energy, chemical stability, low-cost, and natural abundance of the oxide
or its precursors [1]. However, further development of such solid photocatalysts requires
some drawbacks to overcome, as, for instance, its low conductivity and relatively fast
recombination of electron-hole pairs [4, 5]. Obtaining suitable cation-doped semiconduc-
tors has been an effective challenge, in order to improve the chemical performance of
photocatalysts that are based on hematite [6].

It is reported the preparation of nanosized cation-doped hematite samples (αFe2−xMxO3;
M = Co2+, Ni2+, Cu2+ or Zn2+) chemically synthesized via the co-precipitation method.
Their physical, chemical and structural characterizations were assessed by several methods.
It was evaluated the chemical effect of the dopants on the photocatalytic activity of the
cation-doped hematite samples towards the degradation of the indigo carmine dye, which
was used as a model molecule to simulate a generic organic substrate in water.

2 Experimental

2.1 Synthesis

The pure and cation-doped hematite samples were prepared as described in ref. [7]. In brief,
30 mL of 1 mol L−1 NaOH and 5 mL of 1 mol L−1 NaHCO3 were added to 50 mL of
0.28 mol L−1 Fe(NO3)3.9H2O at 90 ºC. Varied amounts of CoCl2.6H2O, Ni(NO3)2.6H2O,
CuCl2.2H2O and ZnCl2, all of them corresponding to 2 mass% of the metal cation, relatively
to the iron mass in each case, were then added to the mixture. The new mixture was refluxed
under stirring for 3 days at 90 ºC. The obtained solid was then dried at 50 ºC in an oven for
24 h.

2.2 Characterization

The X-ray fluorescence analysis of the samples was made with an energy dispersive X-
ray fluorescence spectrometer Shimadzu EDX-720, with rhodium tube and silicon-lithium
detector. Data were collected without vacuum, with the collimator set at 10 mm.

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy
(EDS) data for the synthesized pure and cation-doped hematite samples were obtained in an
equipment Zeiss (FEG-SEM) model Sigma VP.

The Mössbauer spectra were collected at 298 K and 80 K in a constant acceleration
transmission setup mode with a ∼20 mCi 57Co/Rh-gamma-ray source. Data were stored in
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a 512-channel MCS memory unit, with Doppler velocities ranging between approximately
±11 mm s−1. Mössbauer isomer shifts are quoted relatively to the α-Fe foil at room tem-
perature. The experimental data were least squares fitted with Lorentzian-shaped resonance
lines, by using the NORMOS™-90 computer program.

The powder X-ray diffraction (XRD) patterns were collected in an equipment Rigaku
model D/Max Ultima Plus set to a current of 30 mA and a voltage of 40 kV, with the CuKα

(λ = 1.541838 Å) radiation, at a scan rate of 1° 2θ min−1, from 20o to 80° 2θ . Silicon was
used as an external standard. The average particle sizes (estimated as being the dimension
of mean coherent length) for all these samples were calculated from the XRD data using
the Scherrer equation [8] for the width at half-height corresponding to the (104) reflection
peak, for each sample. The corresponding crystalline structures and unit cell volume were
refined by the Rietveld technique using FULLPROF® 98 computer program.

The UV-vis diffuse reflectance spectrum was taken on dry, ground powders using a Var-
ian Cary 5 spectrophotometer equipped with a diffuse reflectance accessory. BaSO4 powder
was used as a standard reference (100% transmission). The Tauc plot was used to estimate
the bandgap energies.

2.3 Photocatalytic activity under visible light irradiation

The chemical photocatalytic activity was evaluated according to the decomposition of
indigo carmine dye at 320 K in a batch photoreactor. Typically, 0.01 g of the solid photo-
catalyst was suspended into 30 mL of an aqueous solution containing indigo carmine dye
25 mg L−1 and 25 µL of hydrogen peroxide 35 mass%. The photocatalytic tests were also
carried out under the same conditions but with the aqueous medium free of the photocat-
alyst, in order to evaluate the photocatalytic activity of the sole H2O2. All measurements
were made with a UV–vis spectrometer Varian model Cary 50 under a radiation ≥ 400 nm
emitted from a LED lamp (12 W). The most suitable wavelength was selected by sweeping
over the whole visible spectral range (Fig. 1). The light absorption of the indigo carmine
dye aqueous solution was thus spectrophotometrically monitored at 610 nm, during the
photodegradation reaction.

3 Results and discussion

3.1 Characterization of the solid photocatalysts

The SEM images and EDS patterns are shown in Fig. 2. The images reveal similar mor-
phologies for all the samples. The EDS data clearly evidence the occurrence of the doping
elements (Fig. 2) in selected grains of these samples. Si and eventually Na appear only from
point probing certain grains probably due to some contamination for using NaOH in the
Pyrex™glassware, for the chemical synthesis.

The results of the elemental chemical composition as determined by EDXRF showed
that the relative contents of iron and of the metal cations in the Co-, Ni-, Cu-, or Zn-
doped hematite samples are, respectively, 99.01(2) and 0.99(1) mass%; 96.82(1) and
3.18(5) mass%; 97.41(2) and 2.59(3) mass% and 97.92(2) and 2.08(3) mass%, respectively.

The XRD patterns for the corresponding samples are shown in Fig. 3a. They all exhibit
characteristic reflection peaks that confirm the samples as being crystallized in the trigonal
hexagonal structure of αFe2O3 (JCPDS card # 33-664 [9]) without any extra crystallo-
graphic phase that could eventually be derived from the dopants only. Figure 3b shows the
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Fig. 1 UV-vis spectra of indigo carmine dye during photocatalysis

expansion of the 2θ -scale between 20o and 30o to evidence the displacement of the (104)
reflection peak according to the cation doping. The (104) peak position for the hematites
was shifted to lower angle relatively to that for the pure hematite. This is a clear indication
that the metal cations are successfully doped into the lattice of the αFe2O3 crystallographic
structure.

The average particle sizes for all the samples as calculated from XRD data using the
Scherrer equation are of 25.51 (Hm), 24.07 (Hm-Co), 21.25 (Hm-Ni), 25.40 (Hm-Cu) and
21.40 nm (Hm-Zn).

The optical bandgap value for hematite, determined from the Tauc plot from the UV-
vis spectra, was estimated as being ∼1.92 eV. This result is in agreement with elsewhere
reported estimations [10, 11]. For the nanosized Co-, Ni-, Cu-, or Zn-doped hematites, the
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Fig. 2 SEM images of the synthesized pure (Hm) and cation-doped hematite (Hm-Co to Hm-Zn) samples
and corresponding EDS spectra for the point-probing selected particles



59 Page 6 of 11 Hyperfine Interact (2017) 238: 59

Fig. 3 a Powder XRD patterns and (b) the magnification of the 2θ-scale between 20o and 30o to show the
displacement of (012) reflection peak according to the doping cation

Fig. 4 Variation of the trigonal hexagonal unit cell volume for the pure and cation-doped hematites as
function of the ionic radius in a six-coordinated M-O (M = Fe3+; Cu2+; Zn2+; Co2+ or Ni2+) chemical
environment and the molar proportion (x, in the general formula αFe2−xMxO3) of the doping cation
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Fig. 5 57Fe Mössbauer spectra recorded at 298 K and 80 K
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Table 1 Parameters from fitting 57Fe Mössbauer spectra recorded at 298 K

Sample Fe site δ/mm s−1 2ε, �/mm s−1 �/mm s−1 Bhf /T RA/%

Hm Hm 0.373(5) −0.21(1) 0.46(2)** 50.64(5) 52(2)

Fe3+ 0.330(1) 0.64(1) 0.56(2) 37(1)

Mh 0.40(3) 0* 0.46(2)** 47.8(2) 11(1)

Hm-Co Hm 0.386(7) −0.20(2) 0.50(4) 50.76(8) 43(4)

Fe3+ 0.337(4) 0.661(8) 0.59(2) 41(1)

Mh 0.37(5) −0.0(2) 0.6(4) 47.2(8) 16(6)

Hm-Ni Hm 0.39(2) −0.25(2) 0.61(7) 50.0(1) 29.6(3)

Fe3+ 0.336(4) 0.645(5) 0.52(1) 70.4(1)

Hm-Cu Hm 0.383(7) −0.19(2) 0.45(3) 50.66(7) 45(4)

Fe3+ 0.343(5) 0.671(9) 0.55(2) 39(1)

Mh 0.36(3) 0* 0.6(1) 48.0(3) 16(4)

Hm-Zn Hm 0.376(8) −0.20(2) 0.44(3)** 50.29(9) 39(3)

Fe3+ 0.345(4) 0.66(1) 0.64(2) 52(1)

Mh 0.30(3) 0* 0.44(3)** 49.9(3) 9(2)

δ = isomer shift relative to αFe; 2ε = quadrupole shift; � = quadrupole splitting; � = line width;
Bhf = magnetic hyperfine field; RA= relative subspectral area. The numbers in parentheses are uncertainties
over the last significant digit, as a direct output from the least-squares fitting computer program

*Fixed parameter during least-squares fitting convergence

**Constrained parameter during least-squares fitting convergence

bandgap values (1.68, 1.86, 1.77 and 1.75 eV, respectively) were found to be significantly
lower than that for the pure hematite.

The variation of the unit cell volume obtained from the refinement of the XRD pat-
terns data for the pure and cation-doped hematites as function of the ionic radius in a
six-coordinated M-O (M = Fe3+; Cu2+; Zn2+; Co2+ or Ni2+) chemical environment and
the molar proportion (x, in the general formula αFe2−xMxO3) of the doping cation is shown
in Fig. 4. As expected, it is shown that two elemental characteristics, namely the ionic radius
of the divalent cation and its concentration in the solid solution, contribute to vary the unit
cell dimension.

The Mössbauer data (spectra in Fig. 5 and corresponding fitted spectral parameters in
Tables 1 and 2) confirm that, except for the Ni-doped hematite, spectra at 298 K and 80 K
are due to 57Fe sites corresponding to the typical hyperfine structure of hematite and to a
minor proportion of maghemite (γ Fe2O3). The rest of the spectral resonance lines may be
interpreted as being due to superparamagnetic αFe2−xMxO3 of very small particle sizes
(smaller than ∼20 nm, a reasonably representative mean particle size for these samples, as
calculated from XRD data using the Scherrer equation) of the iron-bearing species in these
samples: part of the subspectral areas of the doublets at 298 K is relatively reduced and
those of the sextets is increased, meaning that part of the magnetic relaxation is blocked,
on cooling the samples to 80 K. Differently from the other cation-doped samples, the XRD
pattern for the Ni-doped hematite shows broader diffraction peaks over a somewhat curved
baseline. This is consistent with the relatively more intense doublet of the corresponding
298 K- and 80 K-Mössbauer spectra. These results may mean that very likely the superpara-
magnetic fraction, due relatively smaller particles, is higher for the Ni- than for the other
cation- doped hematite samples.
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Table 2 Parameters from fitting 57Fe Mössbauer spectra recorded at 80 K

Sample Fe site δ/mm s−1 2ε, �/mm s−1 �/mm s−1 Bhf /T RA/%

Hm Hm 0.477(4) -0.20(1) 0.39(1)** 52.73(3) 55(1)

Fe3+ 0.449(5) 0.67(1) 0.59(1) 41(1)

Mh 0.44(5) 0* 0.39(1)** 48.5(4) 4(1)

Hm-Co Hm 0.463(1) −0.192(3) 0.425(5) 52.56(1) 48.8(5)

Fe3+ 0.421(3) 0.688(5) 0.725(9) 35.2(2)

Mh 0.46(2) 0* 1.26(9) 46.4(2) 16(1)

Hm-Ni Hm 0.477(5) −0.21(1) 0.43(2) 52.62(5) 28.7(5)

Fe3+ 0.439(2) 0.665(4) 0.634(7) 71.3(4)

Hm-Cu Hm 0.482(3) −0.185(8) 0.44(1) 53.14(3) 56(2)

Fe3+ 0.445(6) 0.662(8) 0.68(2) 40(1)

Mh 0.50(3) 0* 0.23(9) 51.0(2) 4(1)

Hm-Zn Hm 0.480(2) −0.191(4) 0.425(7) 52.56(2) 55.9(9)

Fe3+ 0.425(5) 0.67(1) 0.40* 12.5(2)

Mh 0.44(1) 0* 0.82(5)** 47.3(1) 21(1)

Mh 0.44(3) 0* 0.82(5)** 41.4(2) 10.6(8)

δ = isomer shift relative to αFe; 2ε = quadrupole shift; � = quadrupole splitting; � = line width;
Bhf = magnetic hyperfine field; RA= relative subspectral area. The numbers in parentheses are uncertainties
over the last significant digit, as a direct output from the least-squares fitting computer program

*Fixed parameter during least-squares fitting convergence

**Constrained parameter during least-squares fitting convergence

The 57Fe Mössbauer spectroscopy provides an indispensable nuclear probe to experi-
mentally assess the hyperfine structure of the 57Fe nucleus. However, the atomic proportion
of the doping foreign cation, in each of these solid solutions, is very low, and any of such
influence promoted by magnetic or electric field to the probe-nucleus would be hardly
observed for these samples. Under such circumstances no effect of the doping cation on the
57Fe hyperfine structure was thus considered.

3.2 Photocatalytic activity

The photocatalytic activity of these materials was evaluated by following the decomposition
of the indigo carmine dye in water under visible light. Figure 1 shows the optical absorbance
spectra at 400-800 nm, for the system resulting from the photochemical degradation of this
dye, for all catalyst samples. Results indicate that the photochemical degradation activities
are higher for the Cu- and Zn-doped hematites; no significant effect was observed for the
Co- and Ni-doped hematites. Bonfim et al. [12] reportedly proposed the catalytic mecha-
nism of the Zn-doped hematite on the dehydrogenation of ethylbenzene. They believe that
the zinc ions have a lower electrostatic potential as compared to that of iron ions and then
make the lattice less rigid, increasing the mobility of the species to sinter, and this changes
the structure of the hematite.

Rocha et al. [13] reported the effect of copper ions on the photocatalytic activity of a
semiconductor based on anatase (TiO2) and hematite (αFe2O3). Their results showed that
the copper dopant tends to increase the degradation activity of the methylene blue dye, and
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Fig. 6 Photocatalytic activity of
the materials prepared in the
degradation of indigo carmine
dye
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this increase is related to the Cu+ and Cu2+ species acting as donor centers and electron
acceptors, respectively.

From these photocatalytic activity (the data from Fig. 1 were suitably converted to the
new representation on coordinates of Fig. 6 in order to emphasize the kinetic trends), a
number of factors govern the degradation reaction, namely the ability (i) to absorb light in
the visible spectrum and (ii) to increase the mobility of the chemical species. Other reported
works have also shown that different semiconductors based on doped-hematite can trap
the photo-induced electrons hence alleviating their recombination with the positive holes
[14, 15].

4 Conclusions

The Co2+-, Ni2+-, Cu2+- or Zn2+-doped hematites had their crystallographic unit cell
slightly modified, relatively to the pure hematite. The photocatalytic efficiency for both
the Cu2+- and Zn2+-doped hematites on the degradation of the indigo carmine dye was
improved, whereas for the Co2+- and Ni2+-doped hematites the activity was lowered, rela-
tively to the pure hematite. These results for the Cu2+- and Zn2+-hematite-based semicon-
ductors suggest their real potential as an alternative material to be used on the photocatalytic
environmental remediation of water bodies contaminated with organic pollutants.
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