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Abstract
The development of an efficient and stable photo(electrochemical) catalyst is a very challenging task because its catalytic activity depends directly on the electronic structure and the charge carrier transfer through the catalyst/electrolyte interface. Therefore, the main objective of this study was to optimise the semiconducting properties of the electrospun α-Fe2O3 fibres by Ru3+ and Pt4+ doping, to determine the effect of these cations on magnetic and optical properties, as well as on the photocatalytic and photoelectrochemical activity of α-Fe2O3 fibres. Increased temperature of the Morin transition, enhanced remanent magnetization, lower coercivity and narrower optical band gap in hematite fibres by Pt4+ and Ru3+ doping was observed. Electrochemical measurements revealed n-type conductivity of all fibres, while increased donor density and anodic shift of the flatband potential were registered for the doped fibres. The photoactivity of fibres, which was tested for the degradation of rhodamine B, depended on the dopant used.
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Introduction
The global waste problems, the abnormal increase of CO2 in the atmosphere and the warming of the planet have led to a consensus in most technologically advanced countries that renewable energy sources are one of the ways to solve serious environmental problems. The use of solar energy has revived forgotten scientific fields such as photoelectrochemistry (first mentioned by Becquerel in 1839) and photocatalysis (pioneered in 1972), scientific fields with enormous potential to provide effective solutions to the problems mentioned [1–4]. Photoelectrochemical and photocatalytic reactions are based on similar principles and take place at the semiconductor/electrolyte interface including the absorption of incident light in the valence band (VB) of the semiconductor. The absorption of light leads to the excitation of electrons to the upper energy level, the conduction band (CB), and to the formation of holes in the valence band (VB), as well as to a subsequent redox reaction at the interface between the photogenerated charge carriers and the species in the electrolyte.
Although a large number of semiconductors such as TiO2 [5], ZnO [6], WO3 [7], CdS [8] or oxide combinations [9] have been extensively investigated as photoactive species, to date no single semiconductor has met all the requirements for a remarkable photocatalytic performance. Basic requirements are stability and durability in aqueous media as well as affordability, while specific requirements are related to the electronic structure, such as a narrow bandgap energy, the positions of the CB and VB edges that enable water splitting under solar irradiation [10,11]. For example, an efficient semiconductor has the CB at a more negative energy than the reduction potential of water (producing H2) and the VB at a more positive potential than the oxidation potential of water (producing O2).
Among the numerous oxides, hematite (α-Fe2O3) stands out as a promising and attractive material for the production of photoanodes. Hematite is characterised by low cost, large quantities, stability in many aqueous solutions and environmental compatibility, and can absorb up to 40% of sunlight due to its narrow band gap of 2.1 eV [12–14]. However, its practical application is limited due to several drawbacks. It has a poor bulk conductivity (10-2 cm2V-1s-1), a low absorption coefficient, a diffusion length of the minority carriers of 2 to 4 nm and the recombination of the photogenerated holes is ultrafast (ps) [15,16].
	Many attempts and engineering strategies have been applied to improve its properties, such as morphology control to increase the surface area, doping with foreign metals and non-metals to change the bandgap energy, or surface treatments to improve charge transport on the surface [10,13–14,17–19]. Doping is a common approach based on the replacement of Fe3+ with a dopant in the hematite crystal lattice, which affects the bandgap value, magnetic properties, electrical conductivity, and n- or p- properties of the hematite. Although numerous metals and non-metals have been doped into the hematite, such as Sn [20], Ti [21], Al [22], Mo, Cr [23], Ni [24], Ru [25], Pt [19], many contradictory data have been reported due to the different synthesis methods and doping concentrations. Therefore, it is difficult to evaluate the effects of doping on the semiconducting properties and photoactivity of hematite.
	In this study, the influence of doping on the structural, magnetic, optical, photocatalytic, and photoelectrochemical properties of hematite fibres was investigated. Two metal cations of different valence (Pt4+ and Ru3+) were used for doping and the doped fibres were prepared by the electrospinning method. A fibrous morphology was chosen because 1-D particles were expected to shorten the path of the photogenerated electrons and holes. Chemical and structural analyses of the fibres were performed by energy dispersive spectroscopy (EDS), powder X-ray diffraction (PXRD), and Fourier transform infrared spectroscopy (FT-IR). Magnetic ordering and magnetic properties were studied using Mössbauer spectroscopy and superconducting quantum interference device (SQUID) magnetometry. The photoelectrochemical activity was examined by linear sweep voltammetry (LSV), impedance spectroscopy (EIS) and open circuit potential (OCP) measurements. The photocatalytic activity was tested on a model system, the degradation of the organic dye Rhodamine B by a heterogeneous photo-Fenton process.
Results and discussion
Morphology, chemical and phase composition of the fibres
The morphology of the undoped (reference fibres, Ref-H) and Ru3+- (Ru-H) and Pt4+-doped (Pt-H) fibres was examined using FE SEM and the microscopic images are shown in Fig. 1. The as-spun reference fibres in Fig. 1a, which are a composite of polyvinylpyrrolidone polymer (PVP)/iron salt, are long, continuous, and smooth due to the amorphous nature of PVP [26]. Other as-spun metal-doped fibres without thermal treatment show similar properties and are not shown in this manuscript. After thermal treatment at 500 °C for 4 hours, the fibrous shape of all samples was maintained due to the strong interactions between the metal oxide colloid and the PVP in the initial solution [27]. The fibres consist of interconnected nanoparticles of the iron oxide (Fig. 1b–d). The thermal treatment reduced the fibre diameters and resulted in a slight porosity of the doped samples as a consequence of the decomposition of the PVP. The average diameters measured on randomly selected fibres were 150 nm (Ref-H), 67 nm (Ru-H) and 59 nm (Pt-H). The comparison of the microscopic images shows that the doping of different cations had no significant impact on the fibre morphology. The colour change of the thermally treated fibres with 5 at% Ru3+ can be observed (inset in Fig. 1d) and is discussed later in the text.
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Figure 1 The FE SEM images of (a) as-spun reference fibres and (b-d) reference and doped hematite fibres after thermal treatment: (b) Ref-H, (c) Pt-H and (d) Ru-H sample. Inserts: Photographs of samples.
The initial identification of the chemical elements in the thermally treated fibres and their distribution within the samples was carried out using EDS and the results are presented in Figure S1 in the Supplementary Materials. The elemental mapping of the Ru-H sample showed a homogeneous distribution of iron, oxygen, and ruthenium within the fibre structure. Similar results were also obtained for other samples investigated. The oxygen and iron content determined for the reference sample (O:Fe = 64:36; at.%) was close to the nominal value of the hematite phase. The Ru content relative to iron was 5.56 at.% (Ru:Fe = 1.78:32.0; at.%) and the Pt content was 4.94 at.% (Pt:Fe = 1.62:32.8; at.%).
The crystalline properties of the thermally produced fibres were investigated using PXRD (Fig. 2a). A brief inspection of the PXRD patterns indicates that the metal doping did not significantly affect crystalline properties of the prepared fibres. The samples are of good crystallinity and the dominant phase in all samples is hematite with preferential orientation in the (104) direction (α-Fe2O3, ICDD PDF card No. 033-0664, R-3c(167) space group, rhombohedral crystal system, a = 5.0356  and c = 13.7489  [28]). Possible traces of a spinel structure are visible (maghemite, γ-Fe2O3, ICDD PDF card No. 039-1346), the formation of which is possible when the fibres are heated in the presence of organic compounds, i.e., in this case in the presence of PVP [29,30]. In the Ru-H sample, a peak of RuO2 also appears (ICDD PDF card No. 01-088-0323). Similar results were obtained in the work of Ö. Helgason et al. [31], in which the phase transition from Ru3+-maghemite to Ru3+-hematite as a function of temperature was studied. At 773 K, an exsolution of ruthenium as RuO2 was observed in the XRD spectrum and explained by the low solubility of ruthenium in the corundum-like structure of α-Fe2O3. The dark colour of the Ru-H fibres (Fig. 1d) is obviously related to the presence of RuO2 on the surface of the fibres.
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Figure 2 (a) The PXRD patterns of reference (Ref-H) and doped (Pt-H and Ru-H) hematite fibres and a standard pattern of hematite. The Miller indices are marked with "*" for maghemite (ICDD PDF card No. 39-1346) and "+" for RuO2 (ICDD PDF card No. 40-1290); (b) The ATR-FTIR spectra of reference and doped fibres recorded at room temperature in the range between 4000 and 400 cm-1.
[bookmark: _Hlk106839226]A slight shift of the diffraction lines to lower angles was observed in the doped fibres compared with the reference fibres, indicating the incorporation of metal dopants into the hematite lattice. Thus, the most pronounced line (104) appears in the Ref-H sample at 2 33.249°, in the Pt-H at 33.152° and in the Ru-H at 33.174°. The same effect was observed in hematite samples doped with the transition dopants Cu, Ni and Co [32]. The data were further analysed to gain a deeper insight into the semi-quantitative phase composition (Match! software using the Reference Intensity Ratio, RIR method), the unit cell parameters (Dicvol06 software) and the estimated crystallite sizes (Scherrer equation) [33]. The results are shown in Table 1.
Table 1 Phase composition, unit-cell parameters, full width at half maximum (FWHM) of the strongest line, and the crystallite size determined from PXRD for thermally treated samples. 
	Sample
	Phase composition
	a 
(Å)
	c
(Å)
	V
(Å3)
	FWHM(104)   (°2
	d(104)
 (nm)

	Ref-H
	-Fe2O3
+ -Fe2O3
	5.0298
	13.741
	301.06
	0.283
	30.6

	Pt-H
	-(Fe,Pt)2O3
+ -Fe2O3
	5.0371
	13.757
	302.29
	0.208
	41.7

	[bookmark: _Hlk90870670]Ru-H
	-(Fe,Ru)2O3
+ -Fe2O3
+ RuO2
	5.0339
	13.759
	301.95
	0.212
	41.0


Doping resulted in a narrowing of the PXRD peaks (Fig. 2a), which is associated with an increase in the size of the hematite crystallites from 30 to 41 nm (Table 1), due to a significant agglomeration of the particles, as shown in the microscopic images (Fig. 1b-d).
	Since the Ru3+ effective radius (68 pm) is larger and the Pt4+ radius (62.5 pm) smaller than the Fe3+ radius (64.5 pm) for octahedral coordination and a high-spin state [34], an expansion of the hematite unit cell in the case of Ru3+ and a contraction in the case of Pt4+ cations would be expected. The results (Table 1) indicate the substitution of larger Ru3+ ions for Fe3+ ions in the crystal lattice and are in agreement with the results of Popov et al. [25]. The expansion of the crystal lattice parameters was also observed for the Pt4+-doped fibres, although according to literature data, Pt4+ doping causes a narrowing [19] or expansion [35] of the hematite unit cell. Various factors, such as the synthesis method and experimental conditions [29], the presence of Fe vacancies in the case of doping with tetravalent transition cations [35] or structural defects and disorder [36], can influence the hematite unit cell. It is clear from the above that, in addition to the ionic radius, structural reorganisation during temperature-dependent synthesis altered the Pt4+-doped hematite crystal lattice.
The ATR-FTIR characterisation was carried out to additionally confirm the chemical composition, fibre morphology and Mz+ for Fe3+substitution. The recorded spectra are shown in Fig. 2b and the assignment of the main absorption bands was done according to the reported data. The bands in the range 3600–3100 cm-1 (O-H stretching) and in the range 1670–1600 cm-1 (O-H bending) indicate adsorbed water in all samples [29,37–41]. Two sharp and intense bands at ~430 and ~519 cm-1 observed in all spectra can be attributed to the Fe-O stretching vibrational mode in hematite [29,37,41–43]. The band at ~ 920 cm-1 can be attributed to the characteristic vibration of crystalline Fe-O in hematite [44]. Besides the main absorption maxima, a shoulder at ~610 cm-1 was visible, which is related to the specific morphology of the long fibres. According to Rendon and Serna [45], the response of the lath-like morphology of hematite appears at 620 cm-1 and is also characteristic of fibrous morphology [21,30]. The presence of a small amount of maghemite in all samples was neglected in the interpretation of the ATR-FTIR spectra. The RuO2 detected in the Ru3+-doped sample by PXRD (Fig. 2a) does not show IR bands due to metallic conductivity [46]. The observed slight band shifts of the M-O bond can be associated with various effects during the growth of the doped oxide, such as the replacement of Fe3+ by a heavier cation and/or a cation with a different valence than the main cation, the occurrence of defects and internal stresses and strains caused by the doping.
Magnetic ordering and magnetic properties
Phase composition and magnetic ordering in prepared samples were investigated using 57Fe Mössbauer spectroscopy. Spectra recorded at 293 K (Fig. 3a) and corresponding parameters obtained by the fitting procedure (Table 2) confirmed the presence of hematite (α-Fe2O3) as the dominant phase in prepared samples, in line with the PXRD results. A very small amount of maghemite, detected in all 3 samples using PXRD, was neglected in the fitting procedure because it cannot be distinguished in the Mössbauer spectra due to the overlap of a very weak maghemite sextet (probably present in these spectra) with a much stronger hematite sextet [47]. The spectra of reference sample (Ref-H) and Pt4+-doped sample (Pt-H) contain only a characteristic sextet of weakly ferromagnetic (WFM) hematite (Table 2), which is a typical magnetic ordering of pure hematite at room temperature [29,47]. A significant decrease in the average hyperfine magnetic field of the Pt-H sample compared with the Ref-H sample (Table 2) indicates the incorporation of Pt4+ ions into the crystal structure of hematite, in line with the PXRD results (Table 1). In contrast to the Mössbauer spectra of the reference and Pt4+-doped hematite sample, the spectrum of the sample doped with Ru3+ ions (Ru-H) (Fig. 3), besides the sextet of WFM hematite, also contains a second sextet characteristic of the antiferromagnetic (AFM) hematite [47]. This type of spin ordering is characteristic of hematite at low temperatures, below the Morin transition, which is at about 260 K for a pure well-crystalline hematite [29,48,49]. AFM ordering in hematite at room temperature has been observed in the case of doping with some noble metal cations (Ru3+, Rh3+, Ir3+) [25,49–51]. Accordingly, the presence of a sextet characteristic of AFM hematite in the Mössbauer spectrum of the electrospun Ru-doped hematite (Ru-H) sample recorded at 293 K (Fig. 3a) proved the incorporation of Ru3+ ions into the crystal structure of hematite fibres in this sample by Ru3+-for-Fe3+ substitution. Mössbauer spectra recorded at 85 K (Fig. 3b) indicate the presence of mainly hematite with AFM spin ordering (characteristic for hematite at temperatures below the Morin transition) in all 3 samples. Hyperfine magnetic field in doped samples is significantly lover compared to reference sample (Table 2) due to the weaker Fe-Pt and Fe-Ru magnetic interactions. A low intensity sextet corresponding to WFM ordered hematite (above Morin transition) is present in Mössbauer spectra at 85 K of all three samples (Fig. 3b, Table 2), which can be attributed to a certain amount of hematite of lower crystallinity and/or defect crystal structure present in electrospun pure and doped hematite fibres prepared in the present work. 
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Figure 3 The 57Fe Mössbauer spectra of electrospun reference hematite fibres (Ref-H), as well as Pt4+- and Ru3+-doped hematite fibres (Pt-H and Ru-H, respectively) recorded at (a) 293 K and (b) 85 K.
Table 2 Mössbauer parameters calculated by fitting the 57Fe Mössbauer spectra (recorded at 293 and 85 K) of prepared reference and doped hematite fibres with phase identification. Spectra recorded at 293 K were fitted using a distribution of the hyperfine magnetic field.
	Sample
	Temperature
(K)
	Spectral component
	δ
(mm s-1)
	2ε
(mm s-1)
	

(T)
	Γ
(mm s-1)
	Area
(%)
	Phase

	Ref-H
	293
	sextet
	0.37
	− 0.21
	51.6
	0.23
	100.0
	WFM α-Fe2O3

	Pt-H
	293
	sextet
	0.37
	− 0.20
	51.0
	0.23
	100.0
	WFM α-(Fe,Pt)2O3

	Ru-H
	293
	sextet
	0.37
	− 0.16
	51.2
	0.24
	69.1
	WFM α-(Fe,Ru)2O3

	
	
	sextet
	0.37
	   0.35
	51.9
	0.24
	30.9
	AFM α-(Fe,Ru)2O3

	Ref-H
	85
	sextet
	0.47
	   0.40
	54.1
	0.49
	91.0
	AFM α-Fe2O3

	
	
	sextet
	0.47
	− 0.09
	53.8
	0.31
	9.0
	WFM α-Fe2O3

	Pt-H
	85
	sextet
	0.46
	   0.40
	52.1
	0.45
	90.6
	AFM α-(Fe,Pt)2O3

	
	
	sextet
	0.47
	− 0.01
	52.1
	0.25
	9.4
	WFM α-(Fe,Pt)2O3

	Ru-H
	85
	sextet
	0.47
	   0.36
	53.2
	0.40
	84.5
	AFM α-(Fe,Ru)2O3

	
	
	sextet
	0.47
	− 0.06   
	52.8
	0.33
	15.5
	WFM α-(Fe,Ru)2O3


Errors: δ = ± 0.01 mm s-1, 2ε = ± 0.01 mm s-1, Bhf = ± 0.2 T.
Isomer shift is given relative to α-Fe.
Magnetic properties of prepared pure and Pt4+- or Ru3+-doped electrospun hematite fibres were determined by temperature dependence of magnetization M(T) and magnetic field dependence of magnetization M(H) measurements using the SQUID magnetometer (Fig. 4). Zero-field-cooled (ZFC) and field-cooled (FC) M(T) curves of prepared samples (Fig. 5a) were recorded in a magnetic field of 1000 Oe during the warming to 300 K of the samples cooled to 2 K in a zero applied magnetic field or in a magnetic field of 1000 Oe, respectively. 
The ZFC curves of all 3 prepared samples showed gradually increased magnetization by heating at low temperatures with a maximum at the blocking temperature (TB), followed by a gradual decrease in magnetization (Fig. 5a). The FC curves of these samples (Fig. 5a) showed a slightly higher and nearly constant magnetization at low temperatures (T < TB). Blocking temperature TB at the maximum of the ZFC curve corresponds to blocking of the average size nanoparticles, while temperature of the split of ZFC and FC curve corresponds to blocking of the largest nanoparticles in sample. Accordingly, on the basis of recorded M(T) curves (Fig. 5a), it can be concluded that nanoparticles of a broad size distribution are present in all 3 prepared samples Ref-H, Pt-H and Ru-H. Similar M(T) curves were reported in earlier works [52−54] for nanostructured hematite samples of similar particle size. 
However, a relatively high magnetization of samples prepared in the present work (Fig. 4a) can be attributed to the presence of a small amount of iron(III) oxide γ-Fe2O3 (maghemite) detected by PXRD (Fig. 2a). A small amount of maghemite can significantly contribute to the measured magnetization of prepared samples due to a much higher specific magnetization of ferrimagnetic γ-Fe2O3 compared with antiferromagnetic or weakly ferromagnetic α-Fe2O3 [29]. A relatively high observed magnetization in all 3 prepared samples (especially in doped ones) supports the presence of a small amount of ferrimagnetic γ-Fe2O3 nanoparticles as a minor crystal phase interconnected with antiferromagnetic or weakly ferromagnetic hematite nanoparticles as the dominant crystal phase. Pt- and Ru-doped hematite fibres showed ZFC M(T) curves with a significantly higher magnetization compared with the reference sample, which can be explained by the presence of a larger fraction of γ-Fe2O3 as well as a larger number of uncompensated spins of Fe3+ ions in the doped samples. Also, TB in the ZFC curves of doped samples was shifted to lower temperatures (Fig. 4a) which can be attributed to the smaller average size of γ-Fe2O3 nanoparticles [55] in the doped samples compared with the reference sample. 
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Figure 4 (a) Zero-field-cooled (ZFC) and field-cooled (FC) temperature dependence of magnetization M(T) curves of electrospun reference (Ref-H) and doped (Pt-H and Ru-H) hematite fibres recorded in the magnetic field of 1000 Oe. (b and c) Magnetic field dependence of magnetization M(H) curves recorded at 2 K and 300 K, respectively. Observed remanent magnetization (Mr) and coercivity (Hc) are given in inserted tables. 

The ZFC and FC curves of the reference hematite sample (Fig. 4a) were almost overlapping at temperatures above 200 K and both showed a shoulder at temperatures between 250 and 260 K, which can be attributed to enhanced magnetization in α-Fe2O3 due to the Morin transition from AFM to WFM spin ordering [48,49]. This shoulder was shifted to slightly higher temperatures (260 to 270 K) in the ZFC and FC M(T) curves of the Pt-H sample which may be the consequence of a slight rise in Morin transition temperature in hematite fibres upon Pt doping. However, a similar shoulder was not visible (up to 300 K) in the ZFC and FC M(T) curves of the Ru-doped hematite sample (Fig. 4a) which is in line with elevated Morin transition temperature above 300 K upon Ru doping as observed by Mössbauer spectroscopy in the present work (Fig. 3, Table 2), as well as in the previous work [25].
Magnetization dependence on magnetic field M(H) curves of prepared samples, recorded at 2 K and 300 K in the magnetic field range from H = –10 kOe to H = +10 kOe, are shown in Figs. 4b and 4c, respectively. The M(H) curve of reference hematite fibres recorded at 2 K (Fig. 4b) showed a steep increase at low fields and a significant remanent magnetization which can be ascribed to the contribution of a small amount of ferrimagnetic γ-Fe2O3 nanoparticles [55] present in the fibres along with dominant antiferromagnetic α-Fe2O3 nanoparticles, as well as to the contribution of the uncompensated surface spins in α-Fe2O3 nanoparticles. A nearly linear increase in magnetization at high fields can be attributed to the antiferromagnetic contribution of α-Fe2O3 nanoparticles. M(H) curves of Pt- and Ru-doped hematite nanofibres showed an increased remanent magnetization compared with the reference sample, which can be attributed to a higher fraction of the ferrimagnetic γ-Fe2O3 nanoparticles in these samples, as well as to a larger number of uncompensated spins of Fe3+ ions in doped α-Fe2O3 nanoparticles. A significant coercivity observed in the M(H) curve of Ref-H sample can be attributed to the shape anisotropy of hematite fibres, as well as to magnetic interaction among the interconnected nanoparticles in these fibres. A lower coercivity of the Pt- and Ru-doped hematite fibres compared with the reference sample can be attributed to the smaller average diameters of the fibres in doped samples (Fig. 1). 
The M(H) curves of prepared samples recorded at 300 K (Fig. 4c) showed a similar shape but with a lower magnetization and coercivity compared with the M(H) curves recorded at 2 K, due to thermal effects. The presence of a significant hysteresis at higher fields in the M(H) curves of samples Ref-H and Pt-H recorded at 300 K can be attributed to the presence of WFM α-Fe2O3 in these samples, unlike the M(H) curve without hysteresis of sample Ru-H which contained AFM α-Fe2O3 at this temperature.
Optical, photoelectrochemical and photocatalytic properties
The optical properties of the prepared fibres were investigated by diffuse reflectance UV-Vis-NIR spectroscopy. The corresponding spectra are shown in Fig. 5a. The absorption bands appear from the near infrared to the UV spectral region and can be attributed to the hematite response, which is due to the following electronic transitions: (i) Fe3+ ligand field transitions (d-d transition), (ii) ligand-to-metal-charge transfer transition from O2p  Fe3d, and (iii) simultaneous excitation of two magnetically coupled Fe3+ cations [14,39,56]. Although all investigated samples show similar absorption characteristics, the doping effect is reflected in the change of the position and intensity of absorption bands which can be attributed to the change of the electronic structure of hematite by Pt4+ and Ru3+ doping. The absorption edge was red shifted to higher wavelengths (lower energies) in the spectra of doped samples indicating band gap narrowing.
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Figure 5 (a) The diffuse reflectance UV-Vis-NIR spectra of reference and doped hematite fibres and (b) the corresponding Tauc diagrams for determining the optical band gap.
[bookmark: _Hlk106844486]
From the measured diffuse reflectance data, the optical band gap, Ebg, of the fibres was calculated using the Tauc diagrams and the Kubelka-Munk function, F(R∞), which represents an absorption coefficient, in the Tauc relation [57,58]. Using the expression [hνF(R∞)]n = A(hν - Ebg) where h is the Planck's constant, ν is the frequency of vibration, Ebg is the band gap, A is proportional constant, n is the exponent depending on the nature of the sample transition, the band gap (Table 3) was determined from the dependence [hνF(R∞)]2 vs. hν at the intersection of the tangent line and the x-axis (Fig. 5b). According to literature, the band gap of hematite ranges from 1.9 to 2.3 eV depending on the particle size, shape, crystallinity, and synthesis method [59-61]. The reduced Ebg values of the Pt4+- and Ru3+-doped fibres compared to the values of the undoped sample can be correlated with the new charge carriers and energy levels introduced by the incorporation of the cations. Since the height of the barrier to electron transfer at the interface was reduced, the doped samples should show a better photocatalytic performance compared with the reference sample (the results of the investigation are presented in the next section).
Since both photoelectrochemical (water splitting) and photocatalytic reactions (degradation of organic pollutants) involve the generation of electron-hole pairs in the semiconductor and charge carrier transfer at the semiconductor/electrolyte interface, the development of an efficient and stable catalyst depends on a fundamental understanding of the electronic structure of semiconductors. In this study, (photo)electrochemical and photocatalytic investigations were carried out to gain a deeper insight into the semiconducting properties of the fibres.
It is known that the recombination rate between electrons and holes has a direct influence on the photocatalytic reactions. Therefore, further information about the lifetime of the charge carriers was obtained by open circuit measurements (EOCP) under chopped light (Fig. 6a). After the EOCP reached a stable value (about 1 hour of stabilisation), the potential was changed rapidly in a negative direction when the samples were illuminated. The shift of the potential to more negative values indicates the accumulation of electrons in the conduction band and the formation of holes in the valence band of the hematite. The observed EOCP response is typical of n-type semiconductors, where electrons are the majority and holes are the minority of the charge carriers. When the EOCP reached an approximately constant value (the maximum number of electrons and holes were formed) and the light was switched off, the EOCP changed the direction and reached a value close to the initial one. As can be seen from Fig. 6a, the potential returned rapidly and is directly related to the rapid recombination of the photogenerated electrons and holes. The results are consistent with the previously published data [13].
As can be seen, a significantly smaller EOCP difference between dark and illuminated conditions was registered for the Ru-H sample, which probably indicates a lower concentration of photogenerated charge carriers. In the PXRD measurements (Fig. 2a), RuO2 was detected on the fibre surface (dark colour of the fibres, Fig. 1d), which can act as a recombination centre for photogenerated electron-hole pairs. Apparently, the photogenerated pairs were blocked by the RuO2 before they reached the Ru-H fibres/electrolyte interface. A similar influence of RuO2 was observed in the case of TiO2 nanotubes [5]. The smaller EOCP difference is thus a direct consequence of the lower number of electrons and holes reaching the fibre/electrolyte interface.
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Figure 6 (a) The measurements of the open-circuit potential, EOCP, vs. time under chopped illumination for reference and doped fibres in a 0.1 M NaCl, pH = 5.78. (b) The Mott-Schottky diagrams of reference and doped fibres recorded at 1 kHz in a 0.1 M NaCl under dark conditions. (c) The comparison of the current density – potential responses recorded for reference and doped fibres in a 0.1 M NaCl under dark (insert) and illuminated conditions; ν = 50 mV s-1. (d) The energy-band diagram of undoped and doped fibres at pH = 7 together with the thermodynamic data of possible redox reactions at the fibres/electrolyte interface.
A very useful tool for studying processes at the semiconductor/electrolyte interface is the non-destructive method of electrochemical impedance spectroscopy (EIS). From EIS measurements performed in the dark at a constant frequency of 1 kHz as a function of electrode potential, the electronic properties of the fibres were determined using the Mott-Schottky approach (MS) [9,62]. From the plot  vs. potential, the donor density, ND (slope) and the flatband potential, EFB (intercept) were determined (Fig. 6b). A positive slope of the MS plots indicates that all fibres were n-type semiconductors with electrons as main charge carriers. This result agrees with the EOCP results. The donor density and flatband potential were calculated using the Mott-Schottky approximation for n-type semiconductors and are shown in Table 3: ), where CSC is the capacitance of the space charge layer, ε the dielectric constant of the hematite (ε = 80 [63]), ε0 the vacuum permittivity, e the electron charge, k the Boltzmann constant and T the absolute temperature. All fibres have two slopes in the MS diagrams, which can be correlated with the existence of donors in two regions, near and away the flatband potential. Similar results have been published for polycrystalline [64] and nanoparticulate hematite electrodes [65]. The donor density increased with doping and the highest value was observed for the sample doped with a higher valence cation (Pt4+), which introduced additional charge carriers into the hematite lattice [66]. In general, a higher donor concentration is associated with a narrower depletion layer, which increases recombination, and consequently negative photocatalytic effects could be expected. However, it was shown that higher donor concentration was beneficial for a charge separation [67,68].
[bookmark: _Hlk83991068]The donor density ND is related to the Debye length, LD according to the relation [67,69]
 and the (LD)2 is proportional to the transit time of the charge carriers through the depletion layer [67,68]. Therefore, a higher donor concentration can decrease transition time and improve photoactivity of materials. As can be seen from Table 3, the LD values decrease with doping and are lower than the reported values (2-4 nm) [70]. The lower values indicate a reduced transition time through the depletion layer, which may be beneficial for the charge separation and photoelectrochemical performance. Since the separation of charge carriers and their recombination are competing processes, the dopant concentration should be carefully optimised to achieve the best photoelectrochemical results.
Table 3 Values of the energy band gap, Ebg (UV/Vis); the concentration of donors, ND, the flatband potentials, EFB, the Debye lengths, LD (Mott-Schottky); and the rate constant of RhB degradation, kapp (*km = kapp /catalyst mass).
	Sample
	Ref-H
	Ru-H 
	Pt-H

	Ebg  (eV)
	2.08
	2.05
	1.96

	ND ·10-19  (cm-3)
	5.19
	5.69
	6.40

	EFB  (V vs. SCE)
	-0.79
	-0.65
	-0.78

	LD (nm)
	1.05
	0.99
	0.94

	kapp ·103  (min-1)
	7.20
	1.32
	11.9

	*km  (min-1 g-1)
	0.72
	0.13
	1.19



It should be emphasised that the MS results should be taken with caution, as the electronic structure within nanostructured semiconducting samples may vary. The nanostructured properties can be clearly seen in the size of hematite crystallites, varying between 40 and 31 nm (Table 1).
The electrochemical behaviour of reference and the doped fibres under illumination and dark conditions were investigated by linear sweep voltammetry (LSV) in a 0.1 M NaCl solution, pH = 5.78 in the potential range between -0.5 and 1.5 V vs. SCE, Fig. 6c. A positive effect of metal doping is observed in the presence and absence of light and is reflected in higher current density values and a shift of the onset potential to lower anodic values (reduced anodic overpotential). Under dark conditions, the increase in current density for doped samples (above 1 V) is a direct result of the increased donor density, ND of the doped fibres (according to the Mott-Schottky results, see Table 3). The highest value for the current density was obtained for the Ru-H sample, which is due to the conductive RuO2 on the fibre surface (confirmed by PXRD, Fig. 2a). Under illumination there was an additional increase in current densities above 1 V, which is related to the photoeffect (the formation of photogenerated electron-hole pairs). For example, for the Ru-H sample current density at E = 1.25 V is j = 112 μA cm-2 (light) compared with 82 μA cm-2 (dark). Since a low incident-photon-current efficiency (IPCE) is characteristic of hematite samples even at high anodic potentials, E > 1.23 V vs. SHE, the obtained results are in good agreement with data from literature [71,72]. Both doped samples have shown a higher photoelectrochemical activity compared with the reference sample. Apparently, the foreign metal cations incorporated into the hematite structure had introduced new energy levels and/or donated additional charge carriers in addition to the formation of electron-hole pairs.
Although the illumination of fibres generated electron-hole pairs, their recombination was fast, according to the EOCP results (Fig. 6a). The LSV results for all samples indicate that the photoeffect only occurs at high anodic potentials, i.e., the fibres are photoactive at potentials, E > 1 V vs. SCE. Since the photocatalytic reaction takes place at open circuit potential, a scavenger such as H2O2 is needed for an efficient pollutant removal. It acts as an electron acceptor and reacts with the photogenerated charge carriers, producing active species for the degradation of pollutants.
The experimentally determined band gap, Ebg, and flatband potential, EFB, allow the calculation of the conduction band ECB, and the valence band EVB edges for the prepared fibres. It is important to emphasise that the value of the flatband potential indicates the position of the conduction band edge for n-type semiconductors, assuming that the difference between EFB and ECB is very small for doped semiconductors [62]. The EVB can be calculated as the energy difference between ECB and Ebg: EVB = ECB (~EFB) - Ebg. Considering that both ECB and EVB are a function of pH in aqueous solutions [9] and that different reference electrodes were used (saturated calomel electrode, SCE and standard hydrogen electrode, SHE), the conversion of the relative electrode potential can be done according to the following equation: ESHE = ESCE + 0.241 + 0.059·pH [11].
Using the calculated values of the valence and conduction band edges, the energy band diagram for the investigated fibres at pH = 7 is proposed and shown in Fig. 6d. The conversion of the relative electrode potential (ESHE) into electronic energies (E/eV) for aqueous systems was done according to the relation of Trasatti [73]: ESHE / V = -E / eV - 4.44. The proposed electronic structure (Fig. 6d) was used to predict the photocatalytic efficiency of the prepared fibres for the photo-Fenton process tested on a model system, the degradation of Rhodamine B (RhB) in the presence of H2O2 (Fig. 7). Thermodynamic data related to the photoactivation of H2O2 and the formation of main active radicals are also included in the proposed energy-band diagram [74-76]. As can be seen, the potential of the valence band (EVB) of all studied fibres is more positive and the potential of the conduction band (ECB) is more negative than the redox potentials required for the formation of radicals. Therefore, active radicals can be generated.
Briefly, 50 ml 2∙10-5 M RhB (pH = 3), 255 μl 30 wt% H2O2 and 10 mg fibres were used for photocatalytic tests under illumination between 422 and 600 nm. The contact time (RhB solution + fibres) before illumination was 1 hour. The degradation of RhB as a function of fibres was used and time was monitored by UV/Vis as shown in Fig. 7 a-c. 
With prolonged illumination time the main absorption peak of RhB decreased and its position shifted slightly to a lower wavelength, indicating a successful degradation of the RhB molecule in the presence of both reference (Ref-H) and Pt-H fibres. A gradual loss of the initial intense colouration of the solution is also indicative of the gradual decomposition of RhB, since the molecular structure of RhB is complex and contains various functional groups and double bonds. Decomposition produces simpler colourless products whose absorption occurs at different wavelengths than the absorption of the RhB molecule, resulting in a shift of the absorption maximum. Although the Ref-H fibres exhibited some photoactivity due to their intrinsic conductivity, which is mainly due to oxygen vacancies, RhB degradation was faster and more efficient in the presence of Pt-H fibres. The incorporated Pt4+ cations introduced new active charge carriers (the highest ND, Table 3) and consequently shortened the Debye length, i.e., transit time through the depletion layer (the smallest LD, Table 3), which was reflected in an increased photoactivity of this sample. These results were to be expected and are consistent with previous results [68].
The photocatalytic response of the Ru-H fibres (Fig. 7b) is in good agreement with the EOCP results (Fig. 6a), although their photoelectrochemical behaviour was improved (LSV response, Fig. 6c). The RuO2 on the surface of this sample explains the responses obtained. In photoelectrochemical reactions, compared to photocatalytic reactions, there is an additional driving force besides illumination - an externally applied voltage (electrode polarisation), and therefore the reaction can take place. In the case of the photocatalytic reaction, electron-hole pairs were formed during illumination of the sample, but were captured by the RuO2 before reaching the Ru3+ fibres/(RhB solution) interface. The lesser EOCP difference (Fig. 6a) registered for this sample indicates a lower concentration of photogenerated electron-hole pairs and consequently a poorer photoactivity of this sample.

[image: ]
Figure 7 The photocatalytic degradation of RhB in the presence of (a) undoped, (b,c) doped fibres, and H2O2 under illumination. (d) Kinetic analysis (ln c/c0 vs. t) and efficiency of RhB removal for the fibres studied.
The kinetics of RhB degradation follows the pseudo-first order model [77]:
ln(c0/ct) = kapp∙t; where c0 and ct are the initial and concentration at time t, respectively, and kapp is the apparent reaction constant. The results are summarised in Table 3. To better compare the photoactivity of the prepared fibres, the efficiency of RhB degradation was calculated: [η = (c0-ct) / c0] and presented in Fig. 7d.
Conclusions
The hematite fibres were successfully prepared by the electrospinning method followed by thermal treatment at 500 °C for 4 hours. To improve their semiconducting properties, the effect of Ru3+ and Pt4+-incorporation (5 at. % with respect to iron) in the hematite crystal structure was investigated. All the fibres produced consisted of small subparticles, the diameter of which was about 30 nm for the undoped (Ref-H) fibres and around 40 nm for the doped ones (SEM, PXRD). The metal dopants were homogeneously distributed in the structure of the fibres (EDS). The dominant phase in all fibres was hematite with traces of maghemite (PXRD) due to the reductive conditions during the post-thermal treatment of the fibres. A change of spin ordering in hematite fibres from weakly ferromagnetic to antiferromagnetic by Ru3+ doping was observed using Mössbauer spectroscopy. Both doped samples exhibited higher remanent magnetization and lower coercivity compared with the undoped sample. Undoped and doped fibres behave as n-type semiconductors with electrons as the main charge carriers. Both dopants decreased the band gap value, Ebg (UV/Vis) and increased the donor density, ND (Mott-Schottky) compared with the values of the reference sample. Although all fibres show photoelectrochemical activity at high anodic potentials, E > 1 V vs. SCE (the current density increases), their photocatalytic activity tested for the degradation of rhodamine B, depends on the dopant used. The Pt-H fibres showed a better photoactivity (86% efficiency after 3 hours) compared with the Ref-H fibres (71% efficiency after 3 hours) due to the higher donor density. The Ru-H fibres were photoinactive since RuO2 appeared on the fibre surface during synthesis (PXRD) and acted as a recombination centre for photogenerated electron-hole pairs. Thus, the Pt-H fibres represent a promising material whose semiconducting properties should be further optimised for more efficient photocatalytic and photoelectrochemical applications.
Materials and Methods
Chemicals and solutions
	Polyvinylpyrrolidone (PVP; Mw = 1,300,000; Alfa Aesar®), glacial acetic acid (99.9%+; Alfa Aesar®), ethanol absolute (p.a.; Gram-mol®), Fe(NO3)3·9H2O (p.a.; Kemika®), H2PtCl6·6H2O (ACS reagent; Sigma-Aldrich®), Ru(NO)(COOCH3)3 (99.99%; Alfa Aesar®), H2O2 (30%; Kemika®), Rhodamine B (RhB; p.a.; Merck®), and NaCl (p.a.; Kemika®) were used as received.
	All the solutions were prepared by dissolving an appropriate amount of each compound in Milli-Q water (Milli-Q® Direct Water Purification System, Merck®): 2 M Fe(NO3)3·9H2O;
0.1 M H2PtCl6·6H2O; 0.05 M Ru(NO)(COOCH3)3; 0.1 M NaCl; and 0.02 M RhB. A viscous PVP solution which served as the basis for synthesis of fibres, was prepared by dissolving 3 g PVP in 50 ml ethanol abs. and 5 ml Milli-Q water. The mixture was stirred at 350 rpm and 70 °C for 7 hours. 
Synthesis of fibres
[bookmark: _Hlk83984704]Two types of fibres were synthesised: reference fibres (Ref-H) and metal-doped (Ru-H and Pt-H) fibres. Metal cations, Ru3+ and Pt4+, were selected as dopants. For the synthesis of reference fibres, 100 μl glacial acetic acid and 1.1 ml 2 M Fe(NO3)3·9H2O solution were added to a 20.9 ml PVP solution and stirred continuously at 350 rpm for 1 hour. The glacial acetic acid was required to maintain the pH at 1 to prevent iron precipitation. For the synthesis of the Ru3+- and Pt4+-doped fibres, each dopant solution was added to the iron solution (5 at.% dopant with respect to iron). For this purpose, the corresponding volumes of the previously prepared Fe(NO3)3·9H2O solution and the dopant solution were stirred at 350 rpm for 30 minutes, then added to the PVP solution containing 100 μl glacial acetic acid. The mixture was stirred at 350 rpm for an additional 1 hour. The final volume of each solution for fibre synthesis was 22 ml.
The fibres were electrospun using the Starter Kit-Random device (Linari Engineering s.r.l.) under the following conditions: voltage 10 kV, flow rate 1 ml h-1, the distance between a metal needle and aluminium collector 10 cm, metal needle diameter 1 mm, room temperature, RT = 22 ± 2 °C, and relative humidity ∿ 50%. The electrospun fibres were thermally treated in a laboratory oven (Estherm d.o.o.) at 500 °C for 4 hours to remove the organic content (PVP) and form iron oxide. The temperature in the oven was gradually raised from room temperature to 500 °C at a rate of 10 °C/min. The fibres were kept in a vacuum dryer.
Characterisation of fibres
The morphology of the fibres was studied using the JEOL thermal field emission scanning electron microscope (FE-SEM, model JSM-7000F) linked to the Oxford Instruments energy dispersive X-ray analyser EDS / INCA 350 for elemental analysis.
The fibre phase composition was investigated using powder X-ray diffraction (PXRD). Diffraction patterns were recorded in the 2 range between 10 and 80° at 0.01° step, 40 kV and 7.5 mA using the Panalytical Aeris powder diffractometer with CuKα radiation (0.1542 nm).
The PerkinElmer Frontier MIR spectrometer was used for Fourier transform infrared measurements in the attenuated total reflectance mode (ATR-FTIR) in the wavenumber range between 4000 and 370 cm-1 at 4 cm-1 step scan and 16 scans per measurement.
The 57Fe Mössbauer spectra were recorded at 85 and 293 K in the transmission mode using a standard WissEl spectrometer configuration. The MossWinn program [78] was used for spectra analysis. The velocity scale and all data refer to the metallic α-Fe absorber at 293 K.
The magnetic measurements were carried out on a Quantum Design MPMS3 superconducting quantum interference device (SQUID) magnetometer.
The optical properties of the fibres were investigated using the Shimadzu UV-3600 UV-Vis-NIR spectrometer equipped with an integrating sphere. Diffuse reflectance spectra were recorded between 1200 and 250 nm at a rate of 1 nm s-1. Barium sulphate, BaSO4 (Nacalai Tesque Inc.) was used as a standard and the fibres were spread in a thin film over BaSO4. To calculate the optical bandgaps of the samples, the recorded diffuse reflectance spectra were converted using the Kubelka-Munk function [79].
The electrochemical activity of the fibres in the form of electrodes was investigated by linear sweep voltammetry (LSV), open circuit potential (EOCP) and electrochemical impedance spectroscopy (EIS). Measurements were performed in a three-electrode cell in a 0.1 M NaCl solution (pH = 5.78) using the BioLogic SP -150 potentiostat/galvanostat controlled by the EC -Lab software V11.36. The saturated calomel electrode (SCE, E = 0.241 V vs. standard hydrogen electrode, SHE) served as a reference electrode, while the platinum foil served as a counter electrode. The working electrode was prepared in the form of a film of fibres on a FTO slide with a geometric area of 2 cm2 exposed to the electrolyte. Electrochemical experiments were carried out in the absence and presence of a 50 W LED illuminating the back side of the working electrode. EOCP studies were performed after the electrode had been stabilised at this potential for 1 hour. LSV measurements were done in the potential range between -0.5 and 1.5 V vs. SCE at a scan rate of 20 mV s-1. The semiconducting properties of the fibres were studied by electrochemical impedance spectroscopy (EIS) using Mott-Schottky analysis (MS) at constant frequency, f = 1 kHz, as a function of the applied potential. The potential was swept with 50 mV s-1 in the negative direction from 1 to -0.5 V vs. SCE.
The photocatalytic activity of the fibres was tested for the degradation of RhB by measuring the absorbance of an irradiated RhB solution according to the procedure in our previous work [80]. The Asahi Spectra 300W Xenon Light Source MAX -303 with a UV/Vis module and filter (λ = 422‒600 nm) was used. The distance between light and dispersion surface was 10 cm.
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