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Abstract: Iron oxide (hematite, a-Fe,O5) is an earth-abundant material having a favorable band gap for solar energy
harvesting by producing Hydrogen (H,) by photoelectrochemical (PEC) water splitting. Although Fe,O, has a valence
band maximum (VBM) more positive than the water oxidation potential in the normalized hydrogen energy scale
(NHE), it can not be used as a photocathode because of the more positive conduction band minima (CBM) than the
reduction potential of the electrons required for the hydrogen evolution reaction (HER). This paper reports the band
gap engineering of Fe,O, by doping it with Zinc (Zn) through a facile way to modify its CBM and VBM to enable it to
work as an ideal and efficient photocatalyst. One-pot synthesis of a-Fe,O, doped with Zn was achieved by spin-coating
a precursor solution prepared with FeCl, and Zinc acetate (Zn(CH,COO),2H,0) on fluorine-doped tin oxide (FTO) or
glass substrates. The films were then annealed in air at around 450 °C. The surface morphology and the crystal structure
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of the Fe,O; were studied using SEM (Scanning Electron Microscope) and XRD (X-ray diffractometer). The UV-VIS
spectrophotometry and spectroelectrochemistry (SEC) determined the band energies of a-Fe,0, and Zn-doped a-Fe,0,.
The band gap and CBM of pristine a-Fe,0, were found to be ~ 2.09 eV and -5.31 eV vs. E, ¢, whereas the band gap and
CBM of Zn-doped a-Fe,0, were ~ 1.96 eV and -4.3 eV vs. E,, respectively. The outcome of the photoelectrochemical
study shows that a-Fe,O, doped with Zn can have a reduced band gap with more negative CBM than the H'/H,
reduction potential that efficiently ensures both oxygen and hydrogen evolution reaction.
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1. Introduction

The importance of semiconductors in chemical and industrial processes impelled an extensive research effort to
understand the fundamentals of photochemical processes and to develop new photocatalysts. Photocatalysts can enhance
processes such as the photoinduced decomposition of organic and inorganic contaminants [1-2], the photoinduced
decomposition of water to hydrogen and oxygen [3], etc. In contrast, for producing oxygen and hydrogen from water
and sunlight, chemical methods are promising options for combining design simplicity with high energy density [4].
One possible way of achieving energy sustainability is water splitting using solar radiation [5]. Solar water splitting
may be of two types, e.g., one involves a linked solar cell-water electrolysis system, while the other involves the direct
setup of photoelectrochemical (PEC) cells. The second method outperforms the first in terms of efficiency and costs
because it integrates the electrolyzer and solar cell into a single system [6-7]. Renowned researchers Fujishima and
Honda first experimented on PEC water splitting using TiO, as the photocatalyst in 1976 [8]. Researchers have been
trying to develop implementable water splitting systems. These days, PEC water splitting is the main focus of research.
Because of their unique physicochemical characteristics and advantageous band location, semiconductor materials
are highly desirable in solar water splitting. Considering this, iron oxide (hematite, a-Fe,O5) stands out as one of the
most promising candidates for photoelectrochemical (PEC) water oxidation among various semiconductor materials,
including BiVO, [9], WO, [10], ZnO [11], and TiO, [12]. This is attributed to its favorable band gap of around 2.2 eV,
remarkable responsiveness to visible light, cost-effectiveness, photocatalytic stability, non-toxic nature, and abundance
in the earth’s crust [13-14]. Given that a-Fe,O; exhibits n-type characteristics, it is likely to demonstrate considerable
photocatalytic activity. However, its performance is constrained by inadequate conductivity and a high rate of electron-
hole recombination [15]. A significant limitation of a-Fe,O; is that the position of its conduction band is situated below
the H'/H, redox potential, which obstructs the spontaneous splitting of water under visible light irradiation, necessitating
the application of a voltage bias [5]. The band edge positions of different metal oxides play a crucial role in influencing
both water splitting and the generation of photoinduced reactive oxygen species (ROS) [16]. For photocatalysts to
effectively facilitate water splitting, it is essential that their CBM is more negative than the H'/H, level relative to
the normal hydrogen electrode (Eyy:), and that their VBM is more positive than the H,0/0, level relative to Eyyg.
This condition ensures that the reaction is energetically favorable, enabling photo-excited electrons in the conduction
band to effectively reduce H' and produce H, [6]. Thus, understanding the CBM and VBM band edge locations of
semiconductors is crucial for creating novel photocatalysts [17]. Researchers have explored the doping of foreign
elements and the synthesis of various nanoscale morphologies to address these challenges. In light of these emerging
difficulties, cationic dopants such as Ca®" [18], Mg™ [19], Zn>* [20], and Cu®" [21] have been proposed to achieve p-type
conduction in hematite, owing to their remarkable stability in aqueous solutions underwater reduction conditions. A
hydrothermal method was employed to synthesize flower-like nanostructures of Cu-doped hematite, which exhibited
effective photocathodic activity, despite minimal alteration of the CBM in relation to the H/H, redox potential [22]. A
thermodynamically favorable shift in the CBM was observed in a thin film of N and Zn co-doped hematite, which was
deposited using RF reactive magnetron sputtering, leading to the production of photocathodic hydrogen [23]. These
examples clearly indicate that the divalent Zn dopant plays a significant role in the formation of a p-type hematite-based
photocathode.

This article presents a straightforward, cost-effective method for creating nanostructured hematite films doped
with adjustable levels of Zn. Zn, a 3d transition metal, is chosen for its ability to enhance the photoelectrochemical
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(PEC) activity of hematite (a-Fe,0;) [24-28]. Zn doping has been shown to increase the flat band potential, the charge
carrier depletion layer width at the semiconductor-electrolyte junction [26], and the acceptor density [27]. The disorder
introduced in the a-Fe,O, lattice by Zn doping [28] has been linked to improved PEC performance. However, the
specific modifications to band energies from Zn doping have not been extensively explored. This article investigates
these changes in band energies and their contribution to the enhanced PEC performance. A thin film of Zn-doped a-Fe,O,
was produced via spin coating and subsequent annealing in air. Spectroelectrochemical and UV-VIS measurements
were conducted to estimate the VBM. The findings indicated that the CBM shifted more negatively in relation to the
H'/H, reduction potential with Zn doping, with this shift being dependent on the Zn concentration, which needs further
investigation.

2. Experimental section
2.1 Preparation of thin films

Pristine and Zn-doped Fe,O; were synthesized using a straightforward one-pot spin-coating technique. At first
sodalime glass and fluorine-doped tin oxide (FTO)-coated glass substrates measuring 1 x 1 inch were ultrasonically
cleaned through sequential steps that included sonication in soapy water followed by isopropyl alcohol. Later substrates
were cleaned using acetone and deionized water. Subsequently, the substrates were dried using hot air. The substrate
was converted to hydrophilic through a chemical cleaning process involving a piranha solution composed of a 5:1 ratio
of H,SO, to H,0, for Fe,O; deposition.

Zn(CH,COO),- 2H o) FeCL

Substrate Cleaning
i T

—

Annealing
450 deg.,4 h

Figure 1. Schematic representation of Zn-doped a-Fe,O, thin film synthesis

To synthesize the pristine Fe,0,, 100 wt.% FeCl, and ethanol solution were blended and stirred to prepare the
precursor solution. On the other hand, to synthesize Zn-doped Fe,O;, a precursor solution was prepared with 98 wt.%
FeCl, and 2 wt.% zinc acetate (Zn(CH,COO),2H,0). 15uL of the precursor solution was taken in a micropipette and
dropped on the substrate surface. The substrates were rotated at a speed of 5,000 rpm (revolutions per minute). Figure 1
depicts the schematic illustration of the production of Zn-doped Fe,O; thin films. Three different thicknesses (5, 7, and
9 layers) of films were investigated in this study. Following the deposition of one layer, the films were allowed to dry in
ambient air before a subsequent layer was applied. The prepared film was then annealed for four hours at 450 °C for 4
hours.
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2.2 Film characterization

Scanning Electron Microscopy (SEM) was employed to analyze the surface morphology of both a-Fe,O, and Zn-
doped a-Fe,0;. The crystal structures of these materials were investigated using X-ray Diffraction (XRD) with Cu-Ka
radiation, covering a 20 range of 10-70° at a scan speed of 2°/min. The chemical structures of the as-deposited films
were assessed through Fourier Transform Infrared Spectroscopy (FT-IR), which operated within a wave number range
of 225 to 4,000 cm™. Prior to FT-IR analysis, the films were held in the holder for four to five minutes to eliminate
unwanted H,O and CO,. Hall measurements were conducted to determine the conduction types of both a-Fe,0, and Zn-
doped a-Fe,0;, utilizing a fixed source voltage of 10 V and a magnetic field of 1 T. These measurements confirmed n-type
conduction for pure Fe,O; and p-type conduction for the Zn-doped variant. To explore the optical properties of a-Fe,O,
and Zn-doped Fe,0;, including transmittance and absorbance, a T-60 UV-VIS spectrophotometer was utilized at room
temperature, covering a spectrum range of 380-1,000 nm. Additionally, UV-VIS spectroelectrochemistry (SEC) was
employed to investigate the band energies of both a-Fe,0, and its Zn-doped counterpart.

3. Results and discussion
3.1 Structural and morphological analysis

SEM analysis investigated the nature and morphology of the nanoparticles. Figure 2 presents the surface
morphology of 0.5 wt.% Zn-doped a-Fe,O; and 2 wt.% Zn-doped a-Fe,0, as were observed by the SEM. The images
reveal a compact particle presence with a dense structure, and the surface layer is uniformly covered with similarly sized
granular grains.
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Figure 2. SEM image of (a) pristine a-Fe,O, (b) 0.5 wt.% Zn-doped a-Fe,O; and (¢) 2 wt.% Zn-doped a-Fe,0,
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Figure 3. XRD pattern for pristine a-Fe,O; and 2 wt.% Zn-doped a-Fe,0;
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XRD analysis was employed to verify the structural and phase characteristics of the pristine a-Fe,O; and 2 wt.%
Zn-doped a-Fe,0,, as illustrated in Figure 3. XRD was performed at a 26 scan range from 0 to 70°. The analysis reveals
the presence of eight distinct sharp peaks corresponding to various crystal orientations, which distinctly indicate the
polycrystalline nature of both a-Fe,O, and Zn-doped a-Fe,0;.

The principal diffraction peaks are located at 26 angles of 24.44°, 33.39°, 35.96°, 41.11°, 49.80°, 54.23°,
62.74°, and 64.34°, which can be associated with the (012), (104), (110), (113), (024), (116), (214), and (300) facets
of the rhombohedral hematite structure a-Fe,O; (JCPDS card no: 33-0664) [29-31]. Additional studies on similar
crystallization processes [32-33] indicate that Zn is uniformly distributed within the crystalline matrix of a-Fe,0;.
Among the eight peaks, the peak corresponding to the (104) plane is the most prominent, suggesting the formation of
the hematite phase [34]. All observed peaks align with the anticipated rhombohedral structural configuration of a-Fe,0;.
When Zn is introduced into a-Fe,0,, no new diffraction peaks rather than a-Fe,O; were indicated in XRD spectra,
suggesting that Zn atoms were incorporated in a-Fe,O; matrices. Hence, dopant atoms alter the crystallinity of a-Fe,O,
without altering its rhombohedral structure. Debye Scherrer’s formula [35] was applied for the calculation of the
average crystal size of the sample.

Average crystalline size, D = 0.94/f cos 0

Where 4 represents X-ray wavelength, 5 represents FWHM (Full Width at Half Maximum) along (104) plane and 6
is the diffraction angle. From the (104) peak using Scherrer’s equation the mean grain size was 34.58 nm.

EDX analysis is essential for confirming the presence of Zn in Zn-doped a-Fe,0,. Table 1 and Figure 4 provide
EDX elemental composition data, showing peaks for iron, oxygen, and Zn. This study verifies the incorporation of Zn in
the Zn-doped a-Fe,0;.
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Figure 4. EDX spectra for 2% Zn-doped a-Fe,0;

Table 1. Elemental composition of 2% Zn doped a-Fe,O;

Element Wt% At%
O 15.2 16.3
Fe 82.9 81.9
Zn 1.9 1.8

Advanced Energy Conversion Materials 276 | Ataur Rahman, et al.



3.2 Optical analysis

The band gap energy is determined using. The band gap energy of both pristine and Zn-doped a-Fe,O, films was
estimated using optical absorption data. The Tauc plots were created by calculating (ahv)” from the absorption data
using the following formula and plotting against /4v. The extrapolation of the linear region on the energy axis of the Tauc
plot estimated the band gap as shown in Figure 5.

(ahv)" = B(hv — E,)

In this equation, a denotes the absorption coefficient, 4v represents the photon energy, B is a constant, E, signifies
the band gap energy, and n indicates the type of transition (with n = 2 for direct transitions and » = 1/2 for indirect
transitions). The indirect band gap energies for both pristine and Zn-doped a-Fe,O, films are given in Table 2.

0.20
0.181
0.16
0.141
130.12
30.10
0.08
0.06 7
0.04
I EE————— 0021 5
1.0 1.5 2.0 2.5 3.0 3.5 1.0 1.5 2.0 2.5 3.0 3.5
Energy (eV) Energy (eV)

Figure 5. Tauc plots for (a) pristine and (b) for 2% Zn-doped a-Fe,0;

Table 2. The band gap energies of pristine and doped a-Fe,0,

Sample Band gap energy (eV)
pristine a-Fe,04 2.09
Zn-doped a-Fe,04 1.96

The indirect band gap of pristine a-Fe,O; ranges from 1.38 to 2.09 eV [36]. Our results align closely with this
reported value. Doping with 2 wt. % Zn further reduced the band gap to 1.96 ¢V, a phenomenon previously documented
and explained [37]. Similar reductions in band gap have also been observed both theoretically and experimentally for
metal doping in transition metal sulfides and oxides [38, 39].

3.3 Spectroelectrochemical analysis

To determine the frontier orbital energies, specifically the CBM and VBM of pristine and Zn-doped a-Fe,O,
thin films, the potential-dependent UV-VIS spectroelectrochemical method was employed. This method offers a
straightforward and effective experimental approach for ascertaining energy band values. All measurements were
conducted in a 0.1 M NaOH aqueous solution, serving as a non-solvent electrolyte. The working electrodes comprised
FTO-coated substrates featuring both pristine a-Fe,O; and Zn-doped a-Fe,0;. A platinum (Pt) wire measuring 1
x 1 cm’ was utilized as the counter electrode. Changes in relative absorbance were recorded with a T60 UV-VIS
spectrophotometer. The experiments were performed in a two-electrode cell, specifically a quartz cuvette, where the
FTO-coated a-Fe,O; acted as the working electrode and the platinum wire served as the counter electrode. The quartz
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cuvette was positioned in the spectrophotometer’s sample holder, and aligned with the light beam. Potential control was
achieved through an external supply, which included a source meter and DC supply.
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Figure 6. (a) Frontier orbital energy level diagram for pristine a-Fe,O; film on FTO; (b) Frontier orbital energy level diagram for Zn-doped a-Fe,O,
film on FTO

The scanning rate of potential was varied between 0.2 and 10 mV s™'. The normalized bleach absorbance at 740
nm was analyzed as a function of the applied potential. The bleaching data aligns well with a sigmoidal function, which
distinctly illustrates the saturation of the bleaching effect. These spectroelectrochemical findings contribute to the
development of a frontier orbital energy level diagram for both pristine a-Fe,O, and Zn-doped a-Fe,O; films.

The reduction potentials determined electrochemically offer an estimation for the CBM of pristine a-Fe,O, which
is approximately -5.31 eV relative to the vacuum level (EVAC), as illustrated in Figure 6. Similarly, the electrochemical
analysis provides an estimate for the CBM of Zn-doped a-Fe,0;, found to be around -4.3 eV versus EVAC, as depicted
in Figure 6. Experimental results indicate that pristine a-Fe,O functions as a photoanode, given that the CBM edge is
situated below the reduction potential. In contrast, Zn-doped a-Fe,0, acts as a photocathode, as its CBM edge is located
above the reduction potential. The introduction of Zn>" doping can alter the positions of both the CBM and the VBM
by creating new energy levels or modifying existing defect/trap levels within the band gap, leading to shifts in the band
edges. These defect states may act as recombination centers for charge carriers, thereby affecting the effective band gap.
A theoretical investigation has reported a similar positive shift in the CBM for a-Fe,O; upon Zn doping [40].

4. Conclusions

With a target of engineering the band gap of a-Fe,0, to make it a lower but straddled band so that a-Fe,O; becomes
an ideal and efficient photocatalyst capable of performing Hydrogen and Oxygen evolution reactions, a simple one-pot
process Zn-doping of a-Fe,0; has been presented and investigated. It is observed from the experimental result that the
Zn-doping shifted the CBM edge of Fe,O; to a more negative value than the pristine Fe,O,. The negative shift of the
conduction band minimum (CBM) was proportional to the doping amount. At a Zn concentration of 2%, it eventually
shifted the band edge to more negative than the H'/H, reduction potential, enabling it to work in both photoanode and
photocathode. This experimental experience of band gap engineering of Fe,O; by Zn-doping indicates that Zn doping
can be an efficient tool for band gap tuning of low-cost metal oxides like Fe,O, required for simultaneous Oxygen and
Hydrogen generation.
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