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Abstract. The syntheses of phase—pure and stoichiometric iron sillenite (BisFeOyp) powders
by a hydrothermal (at ambient pressure) and a combustion—like process are described.
Phase—pure samples were obtained in the hydrothermal reaction at 100 °C (1), whereas the
combustion—like process leads to pure BiysFeQy after calcination at 750 °C for 2 h (2a). The
activation energy of the crystallite growth process of hydrothermally synthesized BiysFeOyq
was calculated as 48(9) kJ mol™". The peritectic point was determined as 797(1) °C. The
optical band gaps of the samples are between 2.70(7) eV and 2.81(6) eV. Temperature and

field—depending magnetization measurements (5—-300 K) show a paramagnetic behaviour



with a Curie constant of 55.66-107° m>-K-mol™" for sample 1 and C = 57.82:10° m’-K-mol ™'
for sample 2a resulting in magnetic moments of Umag = 5.95(8) ug-mol™" and Umae = 6.07(4)
pB-mol_l. The influence of amorphous iron—oxide as a result of non-stoichiometric Bi/Fe

ratios in hydrothermal syntheses on the magnetic behaviour was additionally investigated.

Keywords: Iron sillenite; Combustion Synthesis; Magnetic properties; Amorphous oxides;

Band gap; hydrothermal

1. Introduction

Sillenite materials are of great importance because of their photorefractive, piezoelectric,
electrooptic, and photoconductive properties [1,2,3]. BiysFeOy4o is a sillenite-type material
which crystallizes in the cubic space group 123 with cell parameter of about 1.018 nm [4,5]. In
the literature two possible chemical formulas Bi,sFeOs and BiysFeOsq can be found [6,7].

Craig and Stephenson [4] have shown that one Bi ion per unit cell exists in the oxidation state

+5 resulting in the formula Bijy (Bi'Fe™

)O40. Investigations by Devalette et al. [8],
Soubeyroux et al. [9], and Wang et al. [10] also confirmed the formation of Bi’*. In the
sillenite structure of BirsFeOyq the Bi** ions occupy the octahedral positions forming a cage of
corner-connected BiOsE—polyhedrons (E = inert 6s” electron pair), whereas the Bi’* and Fe®*
ions are sharing the tetrahedral positions within the cage [7,4]. On the other hand studies by
Radaev et al. [11,12] suggest Bi’* in the tetrahedral position accompanied by oxygen
vacancies. In this paper we use the formula Bi,sFeO..

The magnetic properties of BiysFeOy4 samples prepared by soft—chemistry methods have been
only rarely investigated and deviating results have been reported. Cheng et al. [13] found a
paramagnetic—like behaviour at room temperature, whereas a superparamagnetic behaviour

was also reported by other research groups [5,14,15,16]. In contrast a clear hysteresis loop at
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room temperature was also found pointing to a ferro- or ferrimagnetic behaviour [17].
Additionally the values of the specific magnetization at room temperature vary significantly
[5,13,14,15,17]. Moreover, a spin—glass freezing behaviour [17] as well as a possible
ferromagnetic transition at low temperatures [5] were also reported. In contrast, magnetic
measurements between 5 and 950 K on BiysFeOyy powders prepared by the conventional
mixed-oxide method show a paramagnetic behaviour [18,19,20]

Bi,ysFeOyy shows photocatalytic activity under ultraviolet and visible light irradiation in the
degradation of methyl orange, methyl violet, and pentachlorophenol [15,21,22,23]. Sun et al.
[24,16] used BiysFeO4o—graphene and BiysFeO4o—carbon-nitride composite materials for the
degradation of methylene blue. It was reported that hydrothermally prepared BizsFeOqg
samples can be recycled by magnetic separation [15,16,24]. Borowiec et al. [25] found that
single crystals of iron sillenite are strongly photochromic. Furthermore, Bi,sFeO,y is a typical
by—product in the synthesis of BiFeOs [26].

In addition to the classical solid state synthesis [7], various hydrothermal syntheses were
performed to obtain BiysFeOyy powders. The reported hydrothermal processes were mostly
carried out with non—stoichiometric initial Bi/Fe ratios of 1, despite of the Bi/Fe ratio of 25
according to the chemical formula of iron sillenite [5,13,14,17,15,21,27,28]. A solvothermal
synthesis by Dai and Yin [23] with an initial ratio of Bi/Fe = 24 led to Bi,sFeO4y with small
amounts of Bi,Os.

In this paper we present both a simple one-pot hydrothermal and a combustion-like synthesis
of phase-pure BisFeOs with an initial Bi/Fe ratio of 25. The hydrothermal process was
carried out in aquous NaOH solution at 100 °C. For the combustion-like reaction starch was
used as gellant and fuel, because starch is an eco-friendly and cheap abundant biopolymer.
Phase evolution and the crystallite growth kinetics were monitored by XRD and the magnetic

behaviour and the optical band gap were studied. Moreover, the influence of a non-



stoichiometric initial Bi/Fe ratio in the hydrothermal process on the magnetic properties was

investigated.

2. Experimental

2.1. Material preparation

BirsFeQ. - Hydrothermal method at ambient pressure (sample 1)

The reaction was carried out in a PFA (perfluoroalkoxycoplomyer) round bottom flask in
argon atmosphere to avoid the formation of carbonates and the leaching out of silicon from a
glass flask. Bi(NO3)3;-5H,0 (0.012 mol, Alfa Aesar) and Fe(NO3);-9H,O (0.00048 mol,
Merck) were dissolved in 10 ml water and 1 ml HNO;3 (65 %). 70 ml of a 10 M NaOH was
heated to about 80 °C and the (BiysFe)—solution was added slowly. The resulted solution was
refluxed for 6 h at ambient pressure under vigorous stirring. Afterwards the resulting yellow
precipitate was filtered, washed with deionized water several times and dried at 120 °C for 2
h. The product is denoted as powder 1 in the following. Chemical analyses of the product
(photometry (Merck Spectroquant iron test kit), complexometry [29]) results in a iron content
of 9.35 mg per gram of sample and a bismuth content of 881.03 mg per gram sample

indicating a molar Bi/Fe ratio of 25.2 (calc. 25).

BirsFeQO.4y - Combustion method (sample 2)

Bi(NO3)3-5H,O (0.012 mol, Alfa Aesar) and Fe(NO3)3-9H,O (0.00048 mol, Merck) were
dissolved in 1 ml HNO;3; (65 %) and 10 ml deionized water. Then 2.0 g soluble starch
(Sigma—Aldrich) was added and the resulting turbid solution was continuously stirred (if
required under heating to about 35 °C) until it became a high viscous colourless gel. The

(BipsFe)—gel was calcined in static air at various temperatures up to 750 °C with a rate of 5 K



min~'. Chemical analyses of a sample calcined at 750 °C for 2 h (powder 2a), indicated a

Bi/Fe ratio of 24.5.

BiysFeOyy - Hydrothermal method (sample 3)
The synthesis is similar to the hydrothermal method for sample 1. However, an initial Bi/Fe

ratio of 1 (0.006 mol Bi(NOs3);-5H,O and 0.006 mol Fe(NO3);-9H,0) and a 2 M NaOH

solution was used. The sample is denoted as powder 3.

Amorphous iron- oxide - Hydrothermal method (sample 4)

Powder 4 was synthesized analogous to powder 1 using only 0.012 mol Fe(NO3);3-9H,0.

2.2. Characterization

X-ray powder diffraction patterns were collected at room temperature on a Bruker
D8-Advanced diffractometer, equipped with a one—dimensional silicon strip detector
(LynxEye™) and operating with Cu—K, radiation. Powder patterns were refined both with the
Rietveld program FullProf [30] and the profile fitting software PowderCell [31]. The
volume—weighted average crystallite sizes were determined from the XRD line broadening
using the Scherrer equation [32] and the integral peak breadth. The pseudo—Voigt function
was used to model the peak profile of the reflections and the contribution of the strain-
broadening was taken into account (software suite WinXPOW [33]). ATR (attenuated total
reflection) Fourier transformed infrared (FT—IR) spectra were collected at room temperature
using a Bruker Tensor 27 spectrometer equipped with a diamond ATR unit. SEM images
were recorded with a Philips X1.30 ESEM (Environmental Scanning Electron Microscope).

Magnetic measurements were carried out using a Quantum Design PPMS 9. Hysteresis loops



were taken at 300 K and 5 K with magnetic field cycling between poH = -9 and +9 T. In
addition, the temperature dependent magnetizations were measured at upH = 0.1 T in the
temperature range of 5 to 300 K using field—cooled (FC) and zero—field cooled (ZFC)
conditions. The samples were enclosed in gel capsules whose small contribution to the
measured magnetic moment was subtracted before data evaluation. All magnetic values are
given in SI units [34]. Diffuse reflectance spectra were recorded at room temperature using a

Perkin Elmer UV—Vis spectrometer Lambda 19. BaSO,4 was used as white standard.

3. Results and discussion

3.1. Phase evolution and morphology

Hydrothermal process

Fig. 1a shows the XRD pattern of the yellow powder 1 synthesized by the hydrothermal
method. The pattern shows only reflections of BiysFeOy4o [35] and no secondary phases were
observed. The volume-weighted average crystallite size (size of a coherent scattering domain)
was calculated as 75 nm. SEM images (Fig. 2a) reveal an agglomerated nature of powder 1.
Agglomerates up to 30 um with a tetrahedron-like shape can be observed, which consist of
smaller particles between 0.2 um and 2 pm. Thermal treatment of powder 1 up to 750 °C for
2 h (rate 5 K min™") results in an increase of the crystallite size up to 159 nm (see inset in Fig.
3b).

The kinetics of crystallite growth during the thermal treatment of powder 1 can be expressed

by the following phenomenological equation (1) [36]:

“Ey
D"—D," =kt-e KT (1)

where D, is the initial crystallite size (75 nm, powder 1), D the crystallite size after

calcination for the time ¢ and at temperature 7, k is the pre—exponential constant, n the



crystallite growth exponent, E4 the activation energy for the crystallite growth process and R
the universal gas constant. From the inverse slope of In(D—-Dy) vs. Inf the kinetic crystallite
growth exponent n can be calculated. For this purpose the crystallite sizes of powder 1 after
heat treatment at 400 °C for different times from 2 h up to 140 h were determined (Fig. 3a).
The crystallite growth exponent was found to be n = 3.4. The activation energy of the
crystallite growth process was calculated as E; = 48(9) kJ mol™ from the slope of an
Arrhenius plot (In(D>*=Dy**)/t vs. 1/T) as shown in Fig. 3b.

Moreover, the colour of the samples changes with increasing temperature treatment. While
the as-prepared powder 1 has a yellow colour, we found that after heat treatment for 2 h at
600 °C the colour changes to permanent green-grey. A prolonged heating time up to 15 h
leads to a green-grey powder even at 400 °C . In addition the colour of powder 1 turns to
green-grey when it is irradiated by sunlight for some days at room temperatures. As seen in
Fig. 1b and Ic the XRD patterns after heating or sunlight exposure do not differ from powder
1. In table 1 the thermal treatment, crystallite sizes and cell parameters of selected samples are

listed.

Combustion-like process

Fig. 4 shows the phase evolution during the thermal decomposition of the colourless (BiysFe)-
gel. The gel was heated in static air with a rate of 5 K min™' and a soaking time of 2 h. As
shown elsewhere [37] the decomposition of the (BiysFe)-gel is a combustion-like reaction in
which the starch acts as fuel and the nitrate ions as oxidizer. Heating at 300 °C (Fig. 4a)
results in a yellow-brown powder showing reflections of monoclinic and tetragonal Bi,O3; and
Bi,0,CO3 [35]. The yellow-ochre sample after calcination at 400 °C reveals traces of
Bi,0,COs3 and the formation of BiysFeOyo [35] (Fig. 4b). A mixture of monoclinic Bi,O3; and
Bi,sFeOyg can be found in the dark-yellow samples after heating at 500 and 600 °C (Fig. 4c¢).

At 700 °C the colour turns to green-grey and the pattern shows the presence of BiysFeO40 and
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only small amounts (3 wt%) of Bi,0; (Fig. 4d). Phase pure green-grey BiysFeO4o powder was
obtained after heating at 750 °C (powder 2a, Fig. 4e). A prolonged soaking time of 10 h at
700 °C (Fig. 4f) also results in a single-phase sample (powder 2b). The volume-weighted
average crystallite sizes of powders 2a and 2b were found to be 111 nm and 128 nm. REM
images of powder 2a show irregular agglomerates up to 60 um of particles between 0.4 um

and 3 um (Fig. 2b).

The XRD patterns (Fig. 5) were refined on the basis of a body-centred cubic unit cell (space
group: 123) according to Infante and Carrasco [38]. The cubic lattice parameter for powder 2a
from the combustion process (calcined at 750 °C/ 2h) was calculated as a = 1.01859(3) nm
and agrees well with previously reported data [5,38]. The unit cell parameter for the
hydrothermally synthesized sample 1 is slightly larger (a = 1.01990(1) nm), whereas heat
treatment of powder 1 at 750 °C for 2 h (powder 1d) results in a slightly smaller lattice
parameter of a = 1.01897(1) nm. The slightly larger unit cell of 1 may be explained by
hydroxyl groups inside the lattice, which was found in e.g. perovskites prepared by

hydrothermal routes and organic coordination precursors [39,40].

The IR spectra (ATR technique) of the hydrothermal powders 1 (as-prepared), 1d (annealed at
750 °C), and powder 2a from the combustion syntheses calcined at 750 °C are shown in Fig.
6. The samples show the three typical absorption bands for sillenites stemming from the Bi—O
framework [18,38]. Powders 1d and 2a reveal bands at 576, 523 and 457 cm ', On the other
hand the vibration bands of the as-prepared powder 1 are slightly shifted to 575, 516, and 446
cm'. Keeping powder 1 in sunlight for some days (Fig. 5b) results in an identical IR

spectrum.



BiysFeOyp is an incongruent melting compound [41,42]. Its melting temperature was
determined by the onset of the DTA signal during the heating phase [43] of powder 1
(hydrothermal) and powder 2a (combustion process). The melting temperature (peritectic
point) of both samples was observed at 797(1) °C and agree very well with the values of 795

°C and 798 °C reported by Kargin and Skorikov [41] and Maitre et al. [42], respectively.

3.2. Diffuse reflectance spectra
Fig. 7a shows the diffuse reflectance spectra of powders 1 and 2a, respectively. The

Kubelka—Munk function (2) [44] was used for analysis of the spectra (see Fig. 7b).

_a_ (1-R)?
F(R) = TR (2

where F(R) is the Kubelka—Munk function, R the reflectance, & the absorption coefficient and
s 1s the scattering factor. Since the scattering factor is wavelength independent, F(R) is
proportional « [45]. The absorption coefficient « is connected with the band gap energy
according to equation 3 [46].

ahv =k(hv—E)"" (3)

where k is an energy—independent constant, E, the optical band gap. The exponent n is
determined by the type of transition (n = 2 direct allowed, n = 0.5 indirect allowed).
Assuming a direct allow transition in accordance with earlier investigations [14,15,21], the
optical band gap (E,) can be determined by plotting (F(R)-hv)> vs. hv and extrapolating
the slope to F(R) — O (inset in Fig. 6b). The yellow hydrothermally synthesized powder 1 has
a band gap of 2.73(7) eV and heating to 750 °C (powder 1d, green—grey) does not change this
value (2.71(8) eV). After keeping powder 1 in sunlight for 10 days the resulting green—grey

powder reveals a band gap of 2.70(8) eV. The origin of the colour change of powder 1 has not



yet been identified and is a subject for further investigations. The phase—pure sample 2a from
the combustion—like process calcined at 750 °C reveals a band gap value of 2.81(6) eV.
Senuliene et al. [47], Borowiec [48], Kargin and Skorikov [41], and Zhang et al. [21] reported
values of 2.8 eV and 2.4 eV. On other hand, band gap values between 1.68 ¢V and 2.0 eV
were also reported [14,15,24,27]. The broad variation of the optical band gaps is most likely
caused by different techniques to determine the band gap [49], different syntheses or different
particle sizes. Additionally, most of the reported syntheses use a non—stoichiometric initial

mixture of bismuth and iron salts (excess of Fe—ions) resulting in brown powders [13,21].

3.3. Magnetic measurements

The magnetic behaviour of the BiysFeO4p samples is demonstrated in Fig. 8 for powder 2a.
The magnetic susceptibility was measured between 5 and 300 K after cooling the sample in
zero applied magnetic field (ZFC) and an external magnetic field of uoH = 0.1 T (FC). The
ZFC curve and the FC curve are almost identical. The development of magnetization (M)
depending on the applied magnetic field (H) at 300 K is shown in the inset of Fig. 8. The
magnetization increases linearly with the applied field and no hysteresis loop is observed. The
temperature dependence of the susceptibility can be fitted by a modified Curie—Weiss law (4)

[50]

C
Xmol = m-i_;{() (4)

where C is the Curie constant, T the temperature, @ the Weiss constant and yy is a temperature
independent term. For powder 1 and 2a @ is —5.66 K and —3.21 K and y, is 0.016-10°°
m’-mol™" and 0.061-10°° m*mol ™", respectively, indicating a small temperature-independent
paramagnetic component. The Curie constants were refined as C = 55.66:10° m*>-K-mol™' (1)
and C = 57.82:10°° m*-K-mol™ (2a), which are close to the values for BiysFeO4o synthesized

by the conventional mixed—oxide method [18,19,20]. From the Curie constants we calculated
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magnetic moments for powder 1 and 2a as pmae = 5.95(8) pB-mol_1 and Hpae = 6.07(4)
ug-mol ™', respectively. These values agree well with the theoretical spin—only value of 5.92

ug for Fe** in a tetrahedral crystal field .

3.4. Influence of amorphous iron-oxde

We suppose that the finding of superparamagnetism, hysteresis loops and magnetic transitions
at low temperatures (irreversibility of the ZFC—FC curves) in BiysFeO4y samples prepared by
hydrothermal methods [5,13,14,15,16,17,] is caused by X-ray amorphous iron—oxide or
iron—rich species as secondary phases, because of the non—stoichiometric initial Bi/Fe ratios.
To investigate the appearance of the reported superparamagnetism and magnetic transitions,
we hydrothermally synthesized BiysFeOyy with an initial Bi/Fe ratio of 1 (sample 3) and pure
X-ray amorphous iron—oxide (sample 4).

Sample 3 was prepared by reacting of Bi(NO3)3:5H,0 and Fe(NO3);-9H,0 with a Bi/Fe ratio
of 1 in a 2 M NaOH solution at 100 °C. The obtained brown powder shows only reflections
corresponding to BiysFeOyy. The increased background level at lower diffraction angles,
primarily in the range 20 = 25—40°, suggests the presence of an amorphous fraction (Fig. 9a).
Heating the sample to 750 °C for 2 h leads to the formation of BiFe4Oq (Fig. 9b) and proves
that powder 3 contains amorphous iron—oxide. The temperature—dependent magnetization
shows a separation of the ZFC curve from the FC curve as shown in Fig. 10a. The FC curve
increase with decreasing temperature, while the ZFC curve has maximum at about 25 K.
Below this temperature the ZFC curve starts to decrease. The field—dependent magnetization
at 300 K (Fig. 10b) indicates a typical superparamagnetic behaviour [51,52], whereas
measurements at 5 K result in the formation of pronounced hysteresis loops with a coercivity

value of poH, = 52:107* T.
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Powder 4 was obtained after hydrothermal reactions of Fe(NO3);*9H,O in 10 M NaOH
solution, respectively. The XRD pattern shows the X—ray amorphous nature (Fig. 9c) of the
powder, only the weak reflections at 26 = 33.2 and 35.7° suggest the formation of Fe,O;
(hematite) [35] with a very poor crystallinity. The sample shows a superparamagnetic
behaviour at 300 K (Fig. 11b). Analogous to powder 3 we find a separation of the FC and
ZFC curves with a maximum at 50 K under ZFC conditions (Fig. 11a). That maximum is the
so—called blocking temperature (7s) and reflects the transition between the superparamagnetic
state (above Tp) and the ferro— or ferrimagnetic state (below Tp) [53,54]. The blocking
temperature depends on the particle size and the applied magnetic field. Field—dependent
measurements below the blocking temperature reveal the formation of pronounced hysteresis
loops (inset in Fig. 11b) in agreement with earlier reports on amorphous iron—oxides
[55,56,57,58].

Based on these findings we conclude that the reported superparamagnetic behaviour of
hydrothermally synthesized iron-sellinite powders is not a property of BiysFeOy but is caused
by amorphous iron—oxide species within the samples, due to the non—stoichiometric initial
Bi/Fe ratios. Additionally, the reported magnetic transitions at low temperatures can be
interpreted as the transition between the superparamagnetic and the ferro— or ferrimagnetic
state of amorphous iron—oxides. Moreover, the presence of amorphous iron—oxide in powder

3 explains the decreasing band gap value of 2.20(2) eV.

Conclusion
Stoichiometric BiysFeO4p powders were synthesized both by a simple hydrothermal synthesis
at 100 °C and by a combustion—like reaction using starch as a complexing agent and gellant.

The hydrothermal synthesis leads to a yellow sample (powder 1) showing only reflections of
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Bi,sFeOyg. The colour of the powder changes to permanent green—grey upon irradiation with
sunlight at room temperature or heating to at least 400 °C. The combustion—like process leads
to phase—pure Bi,sFeOy after calcining the (BiysFe)—gel at 750 °C for 2 h (powder 2a) or at
700 °C for 10 h. The calculated volume—weighted crystallite sizes range from 75 to 159 nm
depending on the synthesis and heat treatment. REM investigations show highly agglomerated
powders. The optical band gaps were found to be between 2.70(7) eV and 2.81(6) eV.
Magnetic measurements between 5 and 300 K show a paramagnetic Curie-Weiss behaviour
with Curie constants of 55.66:10° m’-K-mol™' (powder 1) and 57.82:10° m’-K-mol™
(powder 2a) resulting in magnetic moments of tmag = 5.95(8) uB-mol_1 (1) and pyee = 6.07(4)
ug'mol™' (2a), respectively. We are able to prove that the finding of superparamagnetism,
hysteresis loops and magnetic transitions for hydrothermally synthesized samples reported in
literature is most probably caused by X-ray amorphous iron—oxide, which is formed as a

by—product because of non—stoichiometric initial Bi/Fe ratios.
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Tab. 1: Preparation, colour, crystallite size, and cell parameter for selected phase-
pure BiysFeOyy samples

Powder Heat treatment Colour deryst Unit cell parameter

2)
(rate 5 K min™") (nm)" (nm)

Hydrothermal synthesis

1 - yellow 75 1.01990(1)
1a 300°C, 2h yellow 77
1b 400°C, 2h yellow ¥ 81
1c 600°C, 2h green-grey 95
1d 750°C, 2h green-grey 159 1.01897(1)

Combustion synthesis

2a 750°C, 2h green-grey 111 1.01859(3)
2b 700°C, 10h green-grey 128

1) volume-weighted-crystallite size
2) cubic unit cell
3) green-grey after a heating time of 15 h

* Bi,.FeO,,

Intensity

20(°)

Fig. 1. Room temperature XRD patterns of hydrothermally synthesized Bi,:FeO,q
(a) Powder 1 (as-prepared), (b) powder 1d (750 °C({2 h), and {c) powder 1 after
keeping in sunlight for 10 days at room temperature,



Fig. 2. SEM images of powder 1 (a) and powder 2a (b).
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Fig. 7. (a) Diffuse reflectance spectraof powders 1 and 2a. (b) Plot of A R) versus hv.
The inset shows (FR) - )® versus by,
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