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The concept of nanostructuring and doping of hematite (α-
Fe2O3) photoanodes have been widely engaged towards
improving their photoelectrocatalytic (PEC) response. Here, a
FeCl3-based solution was modified with 0–10% polyethylene
glycol (PEG) 400 and used as an electrolyte for the electro-
deposition of nanostructured α-Fe2O3 thin films. The electrolyte
containing 10% PEG was further used to prepare Mn-doped α-
Fe2O3 films by adding 1, 3, 6, and 10% of MnCl2.4H2O with
respect to the molarity of FeCl3. The addition of 10% PEG into
the electrolyte limited particle agglomeration and yielded the
best PEC response among the pristine films. The 3% Mn-doped
α-Fe2O3 photoanodes produced the highest photocurrent,

yielding 2.2 and 6.1-fold photocurrent enhancement at 1.23 V
and 1.5 V vs. RHE respectively, over the pristine films. The
improved PEC response is linked to the reduced particle
agglomeration and improved charge transport properties
observed for the films. Density functional theory (DFT) calcu-
lations of the formation energies yielded negative values for the
Mn-doped α-Fe2O3, which implies that the materials are
thermodynamically stable after doping. This work introduces a
new pathway for the electrodeposition of doped α-Fe2O3 films
and underscores the roles of Mn-doping in boosting their PEC
response.

1. Introduction

Hydrogen (H2) is one of the best chemical fuels because of its
high energy density and the generation of the by-product of
water after undergoing an oxidation reaction. H2 has many
applications as an energy carrier for the aviation industry, can
be converted to electricity for home consumption, and can be
used as fuel for hydrogen-based automobiles. No wonder, it is
generally regarded as the fuel of the future. There are several
means of producing this fascinating fuel, which include the
steam reforming of methane,[1] gasification of biomass,[2] and
solar water splitting via photoelectrocatalysis.[3] Solar water
splitting is a renewable and sustainable means for generating

H2, owing to the abundance of solar radiation and its limited
effects on our environment. α-Fe2O3 is one of the vastly
investigated photoanodes for application in the PEC splitting of
water for H2 generation. This is mainly because of its suitable
bandgap (~2.0 eV) and stability in solution.[4] However, the
major drawback of applying α-Fe2O3 in water splitting is its low
conductivity, poor oxygen evolution kinetics, and inadequate
conduction band position for H2 evolution.

[5] Nanostructuring,[6]

doping,[7] and heterojunction design[8] are among the top
approaches engaged by researchers towards boosting the PEC
properties of α-Fe2O3.

Nanostructuring of α-Fe2O3 photoelectrodes involves the
development of nanoscale structures with various morpholog-
ical properties such as shapes, sizes, porosity, and particle
agglomeration among other surface characteristics. Nanostruc-
turing has been used to promote the charge transport and PEC
properties of α-Fe2O3, without compromising its light absorp-
tion, given its low absorption coefficient. Different methods,
such as atomic layer deposition,[9] spray pyrolysis,[10] chemical
vapor deposition,[6a] hydrothermal,[11] and electrodeposition[12]

techniques, have been employed to fabricate nanostructured α-
Fe2O3 films, which are largely geared toward developing films
with suitable surfaces for photocatalytic applications. The
electrodeposition technique is one of the fast, and easy
methods of preparing large surface areas of α-Fe2O3 photo-
electrodes. It also offers the versatility of adjusting the
composition of the electrolyte solution for film deposition,
which allows for tuning the intrinsic and surface properties of
α-Fe2O3. However, one of the commonly reported challenges of
this approach is the agglomeration of the nanostructures, which
often limits photon absorption and PEC efficiency.[13] Yilmaz
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et al. 2015, used a modified electrodeposition technique to
prepare α-Fe2O3 photoanodes. They observed the aggregation
of the nanoparticles across the film’s surface, regardless of the
FeCl2-based precursor concentration, and achieved a low
optimum photocurrent of 23 μA/cm2.[13a] In another study,
aggregates of compact nanostructures for α-Fe2O3 films that
were prepared using the electrodeposition method were
obtained. The aggregation of the particles limited the film’s
porosity, photon absorption, and PEC response.[14] Fu et al.
2014, prepared α-Fe2O3 photoanodes using the electrodeposi-
tion method and observed the aggregation of nanorods on the
film’s surface, which limited their PEC activity during photo-
electrocatalysis. The nanorods aggregation was reduced
through ethylene glycol addition into the FeCl2-based electro-
lyte, which acted as a capping agent, improving the PEC
performance of the films.[15]

Numerous materials such as ethylene glycol, polyethylene
glycol (PEG), polyvinyl chloride (PVP), and starch could be used
to act as surfactants or templating agents in the solution-based
synthesis of nanomaterials to limit particle aggregation.[16] In
the case of hematite’s nanomaterials synthesis, it has been
previously shown in a force hydrolysis fabrication of the
material that PEG can adsorb on FeOOH even at room
temperature.[17] The adsorb PEG can be removed by rinsing with
water and the resulting FeOOH can be sintered to obtain less
aggregated hematite nanoparticles. The adsorb PEG on FeOOH
can act as a caping or templating agent that helps limit the
aggregation of the nanoparticles.[15,17] For many electrodeposi-
tion of hematite films on FTO, FeOOH is usually deposited
before sintering at 450–550 C to obtain crystalline hematite.[12,18]

However, the addition of PEG in the electrolyte to act as a
capping agent in the electrodeposition of hematite films has
not been exploited.

Doping is another strategy that has been widely used to
improve the intrinsic properties of α-Fe2O3 films, for PEC
applications. This strategy is mainly engaged in materials
development towards boosting the conductivity of photo-
catalysts with poor charge transport behavior such as α-Fe2O3.
Theoretical calculations using Density Functional Theory (DFT)
and experimental studies point to the reduction of the effective
mass of electrons and the enhancement of charge carrier
concentration after doping, boosting the conductivity of the
material. α-Fe2O3 has been doped with various metals such as
Sn,[19] Cu,[20] Mn,[21] and Ce[22] to improve its conductivity and
light harvesting capacity in some cases. Mn is one of the
suitable dopants of α-Fe2O3 because of its similar atomic radii
with Fe, which is not expected to cause any significant
distortion in the crystal structure of α-Fe2O3, ensuring its
stability in electrolytes during catalytic applications. Also,
doping of α-Fe2O3 with Mn can significantly boost its charge
carrier’s concentration, thereby enhancing its conductivity and
PEC properties. Despite these advantages, Mn has been sparsely
engaged in the doping of α-Fe2O3 photoanodes for PEC
applications. Gurudayal et al. 2014, used the hydrothermal
technique to prepare Mn-doped α-Fe2O3 nanorods, enhancing
the charge carrier’s concentration and photocurrent of the
pristine films by an order of 102 and 75% respectively. However,

the fabricated Mn-doped α-Fe2O3 films were sintered at 750 °C
for 20 mins after pre-annealing at 500 °C, which is likely to result
in the unintentional doping of the samples by the Sn content of
the fluorine-doped tin oxide (FTO) substrates used for the film’s
preparation through thermal diffusion. So, the PEC response
reported could also be due to Mn and Sn co-doping of
hematite.[21] The Mn-doping of nanostructured α-Fe2O3 photo-
anodes using the widely engaged electrodeposition technique
has not been reported based on known literature.

Here, a modified electrodeposition technique was used to
prepare Mn-doped- α-Fe2O3 for PEC water splitting. FeCl3-based
solution used as electrolyte for the electrodeposition of nano-
structured α-Fe2O3 photoanodes was modified with 0, 2.5, 5.0,
and 10% of PEG 400 to act as a capping agent towards limiting
the aggregation of the nanoparticles. 10% PEG yielded the least
particle agglomeration and the best photoresponse among the
pristine films. Hence, the electrolyte containing 10% PEG was
further used to prepare Mn-doped α-Fe2O3 films by adding 1, 3,
6, and 10% of MnCl2.4H2O with respect to the molarity of FeCl3.
Mn-doping with the 3% Mn ion source notably increased the
charge carrier concentration of the α-Fe2O3 photoanodes,
producing 2.2 and 6.1 times more photocurrent than the
pristine films at 1.23 and 1.5 V vs. RHE respectively. This project
introduces a new pathway for the preparation of pristine and
doped electrodeposited α-Fe2O3 nanoparticles, for the
enhancement of PEC activity. It also showcases for the first
time, based on known literature, the impact of Mn-doping on
the PEC response of pristine electrodeposited α-Fe2O3 photo-
anodes. This research also opens the room for exploring the
efficacy of capping agents in the preparation of electro-
deposited nanostructured films to limit particle agglomeration.

2. Results and Discussion

2.1. Structural studies

The XRD studies were done within 2θ values of 20—70 degrees
on the pristine and doped α-Fe2O3 films to extract their
structural data, and the results are given in Figure S1 of the
supplementary data and Figure 1 respectively. The patterns of
the XRD results for the pristine and Mn-doped α-Fe2O3 films
disclosed notable diffraction peaks at (104) and (110) planes,
indicating the formation of the rhombohedral crystal structure
of α-Fe2O3 with lattice parameters a=b=5.032, c=13.733; R3c
symmetry group. The pattern also presents weak diffraction
peaks at (012), (113), (116), (024), (018), (214) and (300) planes
associated with those of α-Fe2O3 based on the JCPDS file no. 33-
0664. The samples prepared were of good quality since the
peaks of other oxides of Fe and Mn were not seen in the
diffraction pattern of the films. Analysis of the 2θ values
obtained for the (104) and (110) peaks did not reveal any
significant shift in the peak positions of (104) and (110) planes
for the pristine and 1%-Mn-doped α-Fe2O3 samples. Further
doping of the 10%-PEG films with 3%–10% Mn resulted in a
noticeable shift in the peak positions of the (104) and (110)
planes to lower 2θ values by 0.22–0.24 and 0.20–0.24 degrees,
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respectively. The change in the position of the XRD peaks was
due to Mn-doping of the pristine α-Fe2O3 films and proof that
Mn was incorporated into the lattice structure of α-Fe2O3.
Depending on the preparation process, the dopant, and the
doping level, the lattice volume of α-Fe2O3 may decrease or
increase causing the XRD peaks to move to higher or lower 2θ
positions respectively.[20] Cu-doped α-Fe2O3 films have been
reported to exhibit a shift in the XRD peaks to both lower[23]

and higher[20,24] 2θ values. The shifts in the XRD peaks to lower
2θ values observed for the Mn-doped-α-Fe2O3 samples were
due to the increase in the lattice volume of the doped samples
resulting from the higher atomic radii of Mn2+ (r=0.083 nm)[25]

compared to that of F3+ (r=0.064 nm).[20] Similar observations
have been made for Cu2+,[20] Ce3+ Ce4+,[22] and In3+ [7] doped α-
Fe2O3 samples in literature. The replacement of Fe3+ with Mn2+

resulted in charge imbalance and to make up for this, some
oxygen vacancies were created, which caused the lattice size to
increase, shifting the XRD peak positions to lower 2θ values.

The (110) peaks were used to evaluate the full width at half
maximum (FWHM) and the crystal size (D) values of the pristine
and α-Fe2O3 films doped with Mn by engaging the Debye-
Scherrer approximation. In addition, the dislocation density (α)
and microstrain (ɛ) values of the films were estimated using
Williamson and Smallman’s method to obtain additional micro-
structural information for the samples.[26] The results obtained
for D, α, and ɛ of the films are presented in Figure 2(a), (b), and
(c) respectively, and in Table S1. The crystal size of the pristine
films did not show any significant change with the addition of

PEG into the electrolyte solution. However, doping of the α-
Fe2O3 films with Mn resulted in a consistent decrease in the
crystal size values with increasing doping concentration. A
similar drop in the crystallite size of materials due to doping has
been reported in the literature.[20,27] Identically, the addition of
PEG into the electrolyte did not show any recognizable
influence on the dislocation density and the microstrain values
evaluated for the pristine films. The dislocation density present
in the doped samples was continually enhanced with an
increase in the Mn doping concentration. This is explained by
the lattice distortion that resulted from the substitution of F3+

with Mn2+ in the structure of α-Fe2O3, which is comparable to
an earlier observation for PbO doped with Mn.[28] The micro-
strain of the doped samples also became larger relative to the
pristine films and is attributed to the lattice expansion that
occurred because of the substitution of Fe3+ with Mn2+ in the
crystal lattice. This also affirms the broadening of the XRD peaks
of the doped samples and the decreasing crystal sizes observed
for the films.

The Raman spectra of the prepared α-Fe2O3 films and those
doped with Mn were obtained to study their phonon vibra-
tional modes and gain more structural information about the
samples. The Raman spectra of the samples are given in
Figure 3(a) and (b) for the pristine and Mn-doped samples
respectively. The spectra of all the samples verified the 2A1g and
5Eg phonon modes of α-Fe2O3. The vibrational modes of other
oxides of Fe or Mn were not observed in all the samples, further
asserting the high purity of the prepared films, supporting the

Figure 1. XRD patterns of electrodeposited α-Fe2O3 films doped with Mn.
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Figure 2. The (a) crystal size, (b) dislocation density, and (c) microstrain for the pristine α-Fe2O3 films and ones doped with Mn.

Figure 3. Raman spectra of (a) undoped and (b) α-Fe2O3 films doped with Mn.
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successful incorporation of Mn into the lattice structure of α-
Fe2O3, in agreement with the XRD results. The Raman peak that
appeared at 660 and 557 cm� 1 for the pristine and doped films
respectively are the infrared active longitudinal optical modes
of α-Fe2O3 denoted by LO, which is normally made active by the
presence of internal strain and local disorder in α-Fe2O3

lattice.[29] Hence the LO mode peak is more pronounced in the
Raman spectra of the Mn-doped films because of the increased
lattice disorder caused by the doping effect.

Furthermore, the peak positions and broadening of the first
A1g and Eg modes of the Raman spectra of the samples were
extracted through the Lorentzian fitting and deconvolution of
the peaks. The results are given in Figure 4 and Figure S2 for
the doped and undoped α-Fe2O3 samples respectively, and in
Table S2. The results disclosed a blue shift of the Raman peak
positions with the addition of PEG into the electrolyte that was
used for film deposition. This cannot be associated with
quantum confinement since the crystal size of the nanoparticles
was similar for all the pristine films.[30] Also, particle agglomer-
ation was reduced with the addition of PEG to the electrolyte
and it is not expected to result in the blue shifting of the peak
positions.[31] So, the likely reason for the observed blue shift of
the Raman peak positions is the reduction in the film’s thickness
with the addition of PEG into the electrolyte (Figure S4), in line
with a previous observation.[32] No shift in the Raman peak
positions of Mn-doped films was noticed with respect to the
ones of the pristine 10%-PEG sample. For the doped films, the
blue shifting of the Raman peak positions was anticipated with
the reduction of the particle size of Mn-doped films due to
quantum confinement.[30] On the other hand, red-shifting of the
peaks arising from some impurity-induced scattering due to Mn
doping of the α-Fe2O3 may have occurred, similar to a reported
observation for Mn- and Co-doped ZnO.[33] These two effects
may have compensated for each other, resulting in no
noticeable change observed in the Raman peak positions of the

doped films. The broadening of the peaks, represented by their
FWHM values did not show any distinct pattern for both the
undoped and doped samples.

2.2. Morphological and Elemental Content Analysis

The surface micrographs of the pristine α-Fe2O3 films are given
in Figure 5(a)–(d) for the 0%- to 10%-PEG samples, revealing
spherical nanoparticles for all the samples. The films fabricated
using the electrolyte that contained 0% PEG revealed highly
agglomerated nanoparticles which appeared to be loosely
attached to the film’s surfaces. In solar photoelectrocatalysis,
high particle agglomeration on photoelectrode’s surfaces can
serve as recombination sites for charge carriers and negatively
affect their catalytic response.[34] Further increase of the PEG
content in the electrolyte notably decreased the extent of the
nanoparticle’s agglomeration on the surface of the films. The
10%-PEG films yielded a more uniform surface with the least
particle agglomeration. As earlier mentioned, it has been
reported in a force hydrolysis synthesis of hematite nano-
particles that PEG can adsorb onto FeOOH even at room
temperature.[17] In this work, the PEG content in the modified
electrolyte is also proposed to have been adsorbed by the
FeOOH deposited on the substrates during the electrodeposi-
tion process, which acted as a capping agent that helped limit
the aggregation of the nanoparticles on the film’s surface.[15,35]

The decreased particle agglomeration and uniform surface
observed for the 10%-PEG samples can result in a less rough
surface, which sometimes limits PEC activity due to the reduced
surface area available for the reactions.[36] However, an increase
in the surface roughness of photoelectrodes caused by the
aggregation of the nanoparticles is counterproductive in PEC
applications. This is because aggregated nanoparticles serve as
recombination centers for charge carriers during water

Figure 4. Lorentzian fitting and deconvolution curves for the initial two vibrational modes of the Raman spectra of the a) 10%-PEG pristine sample, and
(b) 1%-Mn, (c) 3%-Mn, (d) 6%-Mn, and (e) 10%-Mn doped α-Fe2O3 samples.
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splitting.[37] The mean particle sizes of the nanoparticles could
not be approximated due to high particle agglomeration. The
surface morphologies of the Mn-doped α-Fe2O3 samples are
presented in Figure S3(a)–(d) for the 1–10% Mn-doped films.
They also disclosed spherical nanoparticles on their surfaces
and limited particle agglomeration that is comparable with
those of 10%-PEG samples.

The cross-sectional micrographs of the pristine α-Fe2O3

samples, presented in Figure S4 of the supplementary data,
were evaluated using the ImageJ tool to calculate their
thicknesses. The approximate thickness of the films decreases
with increasing concentration of PEG content in the electrolyte
used for film deposition. This was because PEG is a non-
conductive polymer and its addition into the precursor solution
reduces the conductivity of the electrolyte, which limited the
electrodeposition of FeOOH onto the FTO substrates, reducing
the film‘s thicknesses. The maximum approximate film thickness
of 301�15 nm was obtained for the 0%-PEG sample while the
least value of 221�29 nm was evaluated for 10%-PEG α-Fe2O3

films. The thicknesses of the Mn-doped films were not
evaluated since the same electrolyte used for the preparation of
the 10%-PEG samples was used for the film’s deposition, and
their thicknesses were not expected to vary significantly with
doping, similar to previous observations.[21,38]

The results of the EDS mapping conducted on the surface
of the Mn-doped α-Fe2O3 samples are presented in Figure 6(a)–
(d). The mapping confirms the presence and uniform distribu-
tion of Fe and O atoms across the doped films, which are the
constituent elements of α-Fe2O3. The bright areas seen on maps
are the regions where some slight particle agglomeration
occurred on the surface of the films. The EDS maps also show a
homogeneous distribution of Mn across the film’s surfaces and
further assert the successful incorporation of Mn into the crystal
lattice of α-Fe2O3. The Sn detected in the maps results from the
presence of Sn in the FTO substrates employed for the
electrodeposition of the α-Fe2O3 films.

2.3. Optical Characteristics

UV–Vis spectroscopy was conducted to ascertain the absorption
behavior and the approximate band gap of the pristine and
Mn-doped films. The normalized absorption patterns of the
samples are shown in Figure 7(a) and (b) for the undoped and
Mn-doped α-Fe2O3 films respectively. The absorption patterns of
the films revealed two distinct peaks at wavelengths of about
404 and 542 nm. The peak at 404 nm corresponds to the ligand
field transitions 6A1–

4E1,
4A1, related to the single Fe3+ cation

while the one at 542 nm is ascribed to the transitions that result

Figure 5. The surface micrographs of pristine α-Fe2O3 films for (a) 0%-PEG, (b) 2.5%-PEG, (c) 5.0%-PEG, and (d) 10%-PEG samples.

Wiley VCH Mittwoch, 07.08.2024

2416 / 362274 [S. 89/100] 1

ChemElectroChem 2024, 11, e202400348 (6 of 17) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400348



Figure 6. The EDS maps of (a) 1%-Mn, (b) 3%-Mn, (c) 6%-Mn, and (d) 10%-Mn doped α-Fe2O3 samples.

Figure 7. UV–Vis optical absorption of (a) pristine and (b) Mn-doped α-Fe2O3 films: (c) and (d) present the Tauc plots for the approximation of the indirect
bandgap of the pristine and doped samples, respectively.
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from double exciton processes involving Fe3+–Fe3+ cation
pairs.[39] For the undoped films, the photon absorption
appeared to be enhanced with increasing PEG concentration in
the electrolyte used for film deposition, regardless of the
decreasing film thicknesses. Hence, the 10%-PEG samples
exhibited the highest photon absorption within the visible
spectrum. The improved absorption observed for the films was
attributed to the significant reduction in nanoparticles agglom-
eration in the films due to the addition of PEG into the
electrolyte. The reduced particle agglomeration will increase
the light penetration depth and favor light scattering against its
diffusion, which leads to the improved absorption pattern
observed for the films.[37] Improved photon absorption by
photoelectrodes is desired for generating sufficient charge
carriers needed for PEC reactions.

The Tauc approximation given in equation S1 of the
supplementary data was used to evaluate the indirect bandgap
of the pristine and Mn-doped α-Fe2O3 films and the results are
given in Figure 7(c) and (d) respectively. The bandgap values
estimated for the pristine films decrease from 2.11 eV for 0%-
PEG samples to 2.02 eV for the 10%-PEG films. This is associated
with the improved photon absorption that results from the
reduced particle agglomeration on the surface of the samples
with increasing PEG concentration in the solution. Mn-doping
of the films did not show any noticeable impact on the
bandgap of the films as the estimated values for the doped
films were within the margin of �0.03 eV relative to the
bandgap of the pristine films. The bandgap values estimated
for the prepared films are given in Table S3 of the supplemen-
tary information. The bandgap values for the films from the
experimental methods align well with the ones obtained
theoretically using DFT calculations. Table S4 shows the theo-
retically calculated bandgap for the pristine and Mn-doped α-
Fe2O3. The bandgap of the pristine α-Fe2O3 system was found to
be 2.17 eV, similar to values reported for the material in
literature.[40] The DFT calculated bandgap obtained for the Mn-
doped α-Fe2O3 systems did not show any appreciable difference
from the pristine one, in agreement with the experimental
results. This could be attributed to the similar electronic

structures of Mn and Fe where they both have filed 4 s orbitals
and only with electron difference in their 3d orbitals. The band
structure for the calculated bandgaps and PDOS are shown in
Figure S5((a) and (b)) and Figure S6 for the undoped and doped
systems respectively. The relaxed hexagonal structures of the
undoped and doped systems are also given in Figure S5 (c) and
Figure S7 respectively.

2.4. Electrochemical Response

2.4.1. Mott–Schottky Studies

Mott–Schottky (M–S) studies were performed on the undoped
and doped α-Fe2O3 films to extract the donor density (ND) and
flat band potential (Vfb) values of the photoanodes. The M–S
plots for the pristine α-Fe2O3 and the ones doped with Mn are
presented in Figure 8(a) and (b) respectively. Equation 1
presents the Mott-Schottky relation used to evaluate the Vfb and
ND values of the pristine and doped α-Fe2O3 samples.

1
C2 ¼

2
Ɛ0ƐeA2ND

V � Vfb �
KT
e

� �

(1)

where C denotes the capacitance of the space charge region, A
represents the electrode’s surface area, Ɛ is the dielectric
constant and given as 80 for α-Fe2O3, Ɛ0 is the vacuum
permittivity, e stands for the electronic charge, the applied
potential is V, K symbolizes the Boltzmann constant, and T
denotes the temperature.[41]

The slope (S) obtained for the samples after fitting the linear
regions of their M–S plots were fitted to evaluate ND values for
the photoanodes, in line with S ¼ 2=Ɛ0ƐeA2ND, deduced from
Equation 2. The positive S values exhibited by the photoanodes
prove the n-type semiconducting property for the pristine and
doped α-Fe2O3 films.

[12] The extrapolation of the linear part of
the M–S plots intercepts the potential, V-axis at 1/C2=0, and
the values were used to evaluate the Vfb of the samples.
Furthermore, the approximate valence and conduction band

Figure 8. M–S plots for (a) pristine and (b) Mn-doped α-Fe2O3 films.
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positions, denoted by EVB and ECB respectively, were obtained
using the indirect bandgap (Table S3) and the Vfb values
estimated for the samples. Within the flat band conditions, for
an n-type material, the Vfb value is equivalent to the fermi level
(Ef) of the semiconductor[42] and the ECB is more negative than
the Ef value by approximately 0.2.

[43] So, given the ECB and Eg of
the photoanodes, their EVB was empirically calculated using the
basic equation: EVB=ECB+Eg. The estimated values of Vfb, ND, ECB,
and EVB for the pristine and doped α-Fe2O3 samples are
displayed in Table 1.

Analysis of the Vfb values evaluated for the pristine α-Fe2O3

photoanodes slightly decreases with increasing PEG content in
the precursor solution used for sample preparation. The Vfb of
the 10%-PEG was about 0.56 mV more negative when
compared to the value estimated for the 0%-PEG films. The
reduced Vfb observed can be attributed to a decrease in charge
recombination occurring on the film’s surface due to reduced
particle agglomeration. For an n-type material, a more negative
Vfb will enhance space charge capacitance, limit charge
recombination in the bulk of the photoanodes, and boost
charge separation at the liquid/solid junction during

photoelectrocatalysis.[36a] Doping of the α-Fe2O3 films did not
improve the Vfb values for 1, 6, and 10% Mn-doped samples.
However, a significant drop in the Vfb value for the 3% Mn-
doped sample was observed, producing 123 mV less negative
value relative to the pristine 10%-PEG sample, a desired
property for PEC applications. In a related response, the ECB
value of the 3% Mn-doped sample shifted to a more negative
value by 0.13 eV, a key feature for enhancing the efficiency of
charge transport in PEC reactions. Meanwhile, the EVB values of
the films remain relatively constant for both the pristine and
doped α-Fe2O3 photoanodes.

The ND values evaluated for the pristine α-Fe2O3 films
ranged from 5.7–7.0×1019 cm� 3, similar to the values estimated
for them in the literature.[19,44] Doping of the pristine films led to
a noticeable improvement in the ND values. The 10% Mn-doped
samples yielded the highest ND value; about twice the values
estimated for the pristine films. An increase in ND values is an
expected consequence of Mn doping of α-Fe2O3 films since it
provides additional electrons in their conduction band. The
improved ND values will boost the conductivity of the pristine
films; crucial for enhancing the PEC activity of α-Fe2O3 photo-
anodes. However, an optimal doping level is necessary as
excessive doping concentration can cause unwanted trap states
within the bandgap of the films to be formed, that can act as
recombination sites for photoexcited charge carriers during
photoelectrocatalysis.

2.4.2. Photocurrent Response

The photocurrent obtained for the doped and undoped α-Fe2O3

samples are presented in Figure 9(a) and (b) respectively. For
the pristine films, the photocurrent density increases with the
addition of more PEG content in the solution used for film
deposition. The highest value of 0.026 and 0.052 mA/cm2 at 1.3
and 1.5 V vs. RHE was attained by the 10%-PEG, representing a
1.5 and 2.0 times increase relative to the photoresponse
observed for the 0%-PEG photoanodes, respectively. Two key
components that can impact the PEC response of the pristine

Table 1. The flat band potential, donor density, and electronic band
positions of pristine and Mn-Doped α-Fe2O3 films.

Sample Vfb vs RHE (V) in 1 M
NaOH

ND*10
19

(cm� 3)
ECB
(eV)

EVB
(eV)

0%-PEG 0.513 7.0 0.31 2.42

2.5%-PEG 0.471 6.6 0.27 2.33

5.0%-PEG 0.493 6.5 0.29 2.36

10%-PEG 0.457 5.7 0.26 2.28

1%-Mn-
doped

0.477 8.6 0.28 2.33

3%-Mn-
doped

0.334 8.0 0.13 2.13

6%-Mn-
doped

0.474 9.1 0.27 2.26

10%-Mn-
doped

0.481 13.4 0.281 2.32

Figure 9. The photocurrent density of (a) undoped and (b) doped α-Fe2O3 photoanodes. The dashed lines show the dark current density of the samples
presented in a colour that corresponds with that of the photocurrent density plot of the films, respectively.
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samples, which include the thickness of the films and particle
agglomeration on their surfaces are examined. For α-Fe2O3, thin
films with over 400 nm thicknesses are desired for sufficient
absorption of solar radiation for PEC applications because of
their low absorption coefficient.[45] Meanwhile, because of the
short hole diffusion length of 2–4 nm[46] of α-Fe2O3, if the films
are too thick, the charge carriers generated in the bulk of the
films during PEC applications will recombine before they get to
the surface of the films to initiate PEC reactions. Given this
paradox, nanostructured hematite films are produced to allow
for the development of thicker films to absorb sufficient solar
radiation for PEC reactions while maximizing their charge
transport properties.[45a] The optimal film thicknesses of over
300 nm have been reported for α-Fe2O3 films in many PEC
applications.[45b,47] So, the slight reduction in the thickness of the
films with increasing PEG content in the electrolyte was not
expected to be responsible for the enhanced PEC response
observed for the films. In addition, the optical absorption of the
films increases with increasing PEG content and decreasing film
thickness, which was earlier attributed to the reduced particle
aggregation on the film’s surface. The reduction of particle
agglomeration on the film’s surface not only improved optical
absorption but could also enhance their PEC response through
reduced surface recombination of charge carriers. This is
because agglomerated nanoparticles can act as centers for
charge recombination. So, the improved PEC response observed
for the 10%-PEG samples is mainly attributed to the reduced
aggregation of the nanoparticles on the film’s surface, which
enhanced photon absorption and reduced the recombination
of charge carriers.[34b,37]

The 3% Mn-doped α-Fe2O3 photoanodes produced the
highest photocurrent of 0.057 mA/cm2 and 0.32 mA/cm2 at 1.23
and 1.5 V vs. RHE, representing a 2.2- and 6.1-fold photo-
response enhancement over the pristine films, respectively. The
photocurrent onset potential (Vonset) observed for the pristine
films was relatively constant at about 0.59 V vs. RHE, and the
1%, 6%, and 10% Mn-doped samples did not improve the Vonset

values. However, the 3% Mn-doped α-Fe2O3 yielded a cathodic
shift of over 100 mV compared to the value recorded for the
pristine films. The improved PEC response observed for the 3%
Mn-doped α-Fe2O3 is associated with the reduced agglomer-
ation of particles on the film’s surface, increased ND, and the
more negative Vfb values evaluated for the films. The enhanced
ND values boosted the conductivity of the films,[48] the reduced
Vfb value helped to decrease the onset potential and promote
charge separation,[36a] and the decrease in particle aggregation
limited the recombination centers of photogenerated charge
carriers.[37] These all culminated in the improved PEC response
observed for the 3% Mn-doped α-Fe2O3 films. Further doping
using 6% and 10% Mn resulted in a decline in the photocurrent
density values relative to the response attained by the 3% Mn-
doped films. The reduced photocurrent observed for the 1%
and 10% Mn-doped films relative to the pristine samples could
be linked to the development of high impurity states, which act
as recombination centers for photogenerated charge carriers.[49]

The optimum photocurrent density value observed for the 3%
Mn-doped films compares well with other reported values for

doped α-Fe2O3 photoanodes prepared at similar annealing
temperatures, as seen in Table S5.

The temperature used in treating hematite films during
calcination can notably influence their properties.[50] FeOOH
usually crystallizes into hematite when treated at sintering
temperatures ranging from 450–550 °C.[51] When they are
annealed at much higher temperatures, it will cause the
formation of larger crystals but can lead to the possible doping
of the films by Sn from the FTO substrates. The doped α-Fe2O3

samples presented in Table S5 that yielded much higher photo-
current are mostly fabricated at high annealing temperatures of
700 °C and above. The PEC responses of the films were
enhanced through improved crystallization and the uninten-
tional doping of the samples by Sn, in cases where FTO
substrates or other glass-based conducting substrates are
engaged.[52] However, in this work, the prepared Mn-α-Fe2O3

films were annealed at 550 °C to help avoid the unintentional
doping of the samples by Sn and allow for a more targeted
study of the impact of Mn-doping on the PEC response of the
photoanodes. Consequently, the crystal sizes of the electro-
deposited hematite films produced were limited. This implies
that the films produced will exhibit poor conductivity and
reduced optical absorption capabilities due to their limited
crystallization,[53] thereby limiting their PEC response. This
explains the poor photocurrent response of the Mn-doped
hematite films presented in this work compared to similar
doped films that were sintered at much higher temperatures
given in Table S5.

The photostability of the optimized photoanodes; the 10%-
PEG pristine α-Fe2O3 and the 3%-Mn/α-Fe2O3 samples, were
investigated in a potential-time scan, and the results are shown
in Figure 10. The photoanodes exhibited good stability in a
basic electrolyte. The pristine 10%-PEG sample retained over
97.0% while the 3%-Mn/α-Fe2O3 photoanodes retained 92.1%
of their photocurrent densities after 500 s. The pristine films
displayed slightly better photostability when compared to the
Mn-doped films, sustaining about 5% more photocurrent. So,
the stability of the Mn-α-Fe2O3 was not significantly affected by
Mn-doping. This is because the atomic radii of Mn2+ and F3+ [7,25]

are identical, and the Mn-doping of hematite did not cause any
major structural distortion of films and showed no notable
impact on its PEC stability.

Furthermore, the results obtained from the DFT studies
yielded additional clarity about the enhanced photocurrent
response measured for the Mn-doped samples. The band
structure and PDOS are presented in Figure 11(a)–(d) for 2.1%
and 4.2% Mn-doped α-Fe2O3 systems. The Fermi level of the
doped samples was observed to move towards the conduction
band minimum (CBM). More so, the distance between the CBM
and the Fermi level narrowed from 2.17 eV for the pristine
system to 0.66 eV and 0.64 eV for the 2.1% and 4.2% Mn-doped
systems respectively. The decrease in the distance between the
CBM and the Fermi level leads to an increase in the electron
carrier concentration of the Mn-doped systems,[54] which will
improve their conductivity and photocurrent response in PEC
applications. The optimum measured photocurrent observed
for the 3% Mn-doped photoanodes (Figure 8(b)) lies between
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the 2.1 and 4.2% doping levels of the DFT systems and agrees
with the band structural analysis results of doped systems.
Moreover, no impurity states were observed within the band

structure and the PDOS at both doping concentrations of 2.1
and 4.2% at layer 2 of Fe atoms. This is another positive
outcome as impurity states in the band structure can act as

Figure 10. The photostability of (a) undoped α-Fe2O3 (10%-PEG) and (b)3%-Mn-doped α-Fe2O3 photoanodes.

Figure 11. The band structure for (a) 2.1% Mn-doped layer 2 and (c) 4.2% Mn-doped α-Fe2O3 systems: (b) and (d) present the PDOS of the systems,
respectively. The dashed line denotes the Fermi level of the doped α-Fe2O3.
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locations for recombination of charge carriers during PEC
reactions.[49]

A proposed operation mechanism related to charge trans-
port, energy band bending, and PEC reaction occurring on the
surface and bulk of Mn-doped α-Fe2O3 photoanodes is
presented in Figure 12. When the photoanode is dipped into a
liquid electrolyte, it eventually attains equilibrium after under-
going some charge transfer processes. The ions in the electro-
lyte get adsorbed at the photoanode’s interface while the
electrons around the material’s surface are moved toward the
solution. This will form a depletion region around the film’s
surface that is characterized by an electric field.[55] The electric
field formed within the depletion region will cause the
conduction and valence band (CB and VB) to bend upward. The
energy band bending is such that it favors the transfer of holes
to the film‘s surface from the VB and goes against the electrons
transport from the CB to the rear FTO contact.[56] Also, a much
smaller region of absorbed ions, called the Helmholtz layer,
which is adjacent to the surface of the electrode is formed.[55a]

During photoelectrocatalysis, the Mn-doped α-Fe2O3 photo-
anodes are illuminated with photons of equal or higher energy
than that of the bandgap of the material, which causes the
photogeneration of electron-hole pairs. The photogenerated
holes are moved from the VB to the surface of the photo-
anodes, where they oxidize water to produce electrons and
release H+ into the solution. The electrons are transferred from
the CB of the photoanodes to the FTO rear contact and moved
further to the Pt cathode via the external connection to reduce
H+ to H2. The inbuilt electric field within the depletion layer
accelerates charge carriers’ separation, the movement of holes
to the photoanode’s surface, and the transfer of electrons to
the FTO rear contacts. The addition of PEG into the electrolyte
enhanced the rate of water oxidation reaction that occurs on
the surface of the pristine photoanodes due to the decrease in

particle agglomeration, as evident in the improved photo-
current response observed for the 10% PEG samples (Figure 9).
The Mn-doping of the pristine films further boosted the water
oxidation rate through improved conductivity, charge transport
to the surface of the photoanodes, and enhanced charge
carriers’ separation, leading to the improved photocurrent
observed for the films.

2.4.3. EIS Analysis

EIS studies were conducted on the undoped and doped α-Fe2O3

samples to examine the charge transfer dynamics happening in
the bulk and at the surface of the films. The results obtained
from the EIS studies are given in the Nyquist plots for the
undoped and doped samples in Figure 13(a) and (b) respec-
tively. The modeled circuit employed in fitting the EIS data
obtained from the measurements is shown in Figure 13(d). Rs,
Rbk, and Rct represent the series resistance, the resistance of
the trap states in the bulk of the photoanodes, and the
resistance to the transfer of charge carriers at the film’s surface,
respectively. The capacitance in the space charge region of the
films is denoted by the constant phase element, CPE1, while
CPE2 stands for the surface states capacitance of the photo-
anodes. The CPE components are made of the pseudo
capacitance represented by CPE� T, generally known as the Q-
value, and a second element, given as CPE� P, with values that
can only be between 0 and 1.[57] The CPE components
characterize the non-ideal capacitive behavior of the photo-
cathodes and their real capacitance (C) values were extracted
using Equation 2:[58]

C ¼ Q1=s � Rð1� sÞ=s (2)

where R, stands for the resistance connected in parallel to the
respective CPE elements and s is the corresponding CPE� P
value. The symbols Cb and Cs denote the actual capacitance
values estimated for the CPE1 and CPE2 components, respec-
tively. The estimations made for the various circuit elements of
the modeled circuit and the evaluated Cb and Cs values are
given in Table 2.

The series resistance, Rs, observed for all the prepared
samples produces similar values ranging from 10.45 to 14.33 Ω.
This was not expected to differ significantly for the samples as
it represents the summation of the ionic resistance in the
solution, the resistance in the external wires and the one at the
FTO contact,[59] which are uniform for all the samples. The
resistance experienced by the trap states within the bulk of the
undoped α-Fe2O3 films, Rbk, drops with increasing concentra-
tion of PEG content in the precursor used for sample
preparation, from 70.8 kΩ observed for 0%-PEG samples to 3.3
kΩ for the 10%-PEG films. Meanwhile, the capacitance of the
space charge region, Cb, remained relatively constant for the
undoped films. At the film’s surfaces, the surface states
capacitance, Cs, recorded similar values for the undoped
samples. However, the resistance to charge transfer, Rct, was
observed to reduce with increasing PEG concentration in the

Figure 12. The operation mechanism of Mn-doped α-Fe2O3 photoanodes in
PEC reactions.
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precursor solution. This was due to the decreasing particle
agglomeration observed on the film‘s surface with increasing
PEG content in the solution. Particle aggregates on the film’s
surface result in a reduced surface-to-volume ratio for the
samples, favoring the surface recombination of charge
carriers.[37] The improved PEC response observed for the 10%-
PEG samples is largely associated with the increased Cs and
reduced Rct observed for the films.

For the doped samples, the Rbk and Cb values were not
significantly altered by the 1% Mn doping of the films.

However, further doping of the films with 3% Mn and above
produced a notable decrease in the Rbk value by at least
80.6%, while Cb slightly improved for 6 and 10% Mn-doped
films. This means that the trap states for the samples containing
3% Mn doping and above are more probable to get to the
surface of the photoanodes during photoelectrocatalysis. The
Cs values notably improved for the doped samples with the
best values recorded for 3 and 6% Mn-doped samples. The
higher Cs value observed for the films indicates a better
capacity to accumulate charge carriers at their surfaces during

Figure 13. EIS Nyquist plots for (a) undoped and (b) doped α-Fe2O3 photoanodes: the modeled circuit employed to fit the raw EIS data is given in (c).

Table 2. The approximate values estimated for the elements in the equivalent circuit that was employed to model the raw EIS data obtained for the α-Fe2O3

photoanodes.

Sample Rs (Ω) CPE1 Cb (mF) Rbk (kΩ) CPE2 Cs (mF) Rct (kΩ)

T (mF) P T (mF P

0%-PEG 10.70 0.019 0.89 0.02 77.82 0.02 0.98 0.02 239.37

2.5%-PEG 10.45 0.020 0.91 0.02 10.10 0.03 0.96 0.03 153.00

5.0%-PEG 10.99 0.022 0.91 0.02 7.00 0.04 0.94 0.04 87.40

10%-PEG 11.88 0.017 0.90 0.01 3.30 0.03 0.86 0.04 37.70

1%-Mn-doped 11.57 0.029 0.90 0.02 5.50 0.06 0.92 0.07 175.00

3%-Mn-doped 13.94 0.168 0.81 0.10 0.64 0.31 0.94 0.34 18.70

6%-Mn-doped 14.33 0.051 0.95 0.04 0.05 0.29 0.88 0.37 22.28

10%-Mn-doped 14.08 0.066 0.97 0.06 0.08 0.25 0.94 0.33 199.44
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PEC reactions.[60] In addition, lower Rct values were also
observed for the same films, with the least value of 18.7 kΩ
estimated for the 3% Mn-doped samples, representing a 50.4%
decrease relative to that of the pristine 10%-PEG films. This is
more evident in the expanded view of the Nyquist plots for Mn-
doped samples shown in Figure 13(c). The reduced Rct and
enhanced Cs values observed for the samples are due to the
improved conductivity of the films resulting from the doping
effect and enhanced charge separation efficiency.[61] This
boosted charge separation at the film’s surface further accounts
for the high photocurrent response observed for the 3% Mn-
doped samples. Further doping of the pristine films with 10%
Mn led to a sharp increase in the charge transfer resistance by
over 5-fold. This is due to the excessive O2 vacancies created
due to the high doping level, which acted as recombination
sites for photoexcited charge carriers on the film’s surface.[62]

2.5. Formation Energy of α-Fe2O3 Systems Doped with Mn

DFT calculations for the formation energies of the doped
systems were done to determine their relative thermodynamic
stability. The formation energy (Eform) calculations were done
using Equation 3 in line with the supercell method, following a
similar approach from our previous work and other reports.[40a,48,
63]

Eform ¼ E Mn dopedð Þ � E pureð Þ � nmMn þ nmFe (3)

Where E(Mn doped) and E(pure) are the total energies of Mn-
doped and pristine bulk α-Fe2O3 respectively, n is the number
of Mn atoms in substitution of Fe atoms, and μMn and μFe are
chemical potentials of Mn and Fe in their stable bulk structures
respectively. The results of the formation energy evaluated for
the Mn-doped α-Fe2O3 samples are presented in Table 3. A
negative formation energy was obtained for the doped α-Fe2O3

in the Fe-rich and O-rich systems. This indicates that the Mn
atoms got incorporated into the α-Fe2O3 lattice with relative
ease and the doped materials are thermodynamically stable:[64]

a desired property for PEC applications.

3. Conclusions

In this project, α-Fe2O3 photoanodes were electrodeposited on
FTO substrates using a modified electrolyte solution that

contained 0, 2.5, 5.0, and 10% of PEG 400. In addition, the
electrolyte containing 10% PEG was further used to prepare
Mn-doped α-Fe2O3 films via the addition of 1, 3, 6, and 10% of
MnCl2.4H2O with respect to the molarity of Fe3+ ion source.
XRD, Raman, and EDS studies affirm the successful doping of
the pristine α-Fe2O3 films with Mn. The addition of 10% PEG to
the electrolyte notably reduced the agglomeration of α-Fe2O3

nanoparticles and produced the best PEC response among the
pristine films. The optimum photocurrent density was attained
by the photoanodes doped with 3% of the Mn ion source. The
films achieved 2.2 and 6.1 times more photocurrent response
than the values recorded for the 10%-PEG pristine α-Fe2O3 films,
at 1.23 and 1.5 V vs RHE respectively. The enhanced PEC
response obtained for the doped α-Fe2O3 films is associated
with increased donor density, reduced flat band potential, and
improved charge separation at the solid/liquid junction ex-
hibited by the films. DFT band structure calculations also
suggest that the optimal doping level lies in the region of 2.1
and 4.2% of Mn doping, further affirming the measured PEC
results. A negative formation energy was obtained for both the
undoped and doped α-Fe2O3 systems, which indicates that the
materials are thermodynamically stable after doping. This
research reveals a new pathway for the electrodeposition of
doped α-Fe2O3 films and emphasizes the roles of Mn-doping in
enhancing their PEC response. This research also opens the
room for exploring capping agents in the electrodeposition of
nanostructured films to limit particle agglomeration.

Experimental

Electrodeposition of Pristine α-Fe2O3 Films

The pristine α-Fe2O3 photoanodes were prepared on cleaned FTO
substrates using the electrodeposition technique. A method already
explained in a previous work was used to clean the FTO
substrates.[65] The electrodeposition of the pristine α-Fe2O3 films was
done using VersaStat 3F potentiostat and an electrochemical cell
that uses three electrodes. The FTO/α-Fe2O3 acted as the active
(working) electrode, while a 2×2 cm platinum mesh and Ag/AgCl
immersed in 3 M KCl were engaged as the cathode and reference
electrodes respectively. The solution that served as the initial
electrolyte was a mixture of 5 mM of FeCl3, 5 mM of KF, 0.1 M of
KCl, and 1 M of H2O2, dissolved in deionized (DI) water. The
electrodeposition was done using the cyclic voltammetry techni-
que, within a potential window of � 0.5 and 0.5 V vs. Ag/Cl, at a
scan rate of 0.1 V/s, for 65 cycles. This resulted in the deposition of
FeOOH films on FTO substrates, which were thoroughly rinsed with
DI water and allowed to dry in air. The electrodeposited samples
were then calcined in air, at 550°C, for 2 hours to obtain α-Fe2O3

films. The sample was labeled 0%-PEG since the electrolyte did not
contain PEG 400. More samples were prepared using the same
procedure used to prepare the 0%-PEG samples, except that the
electrolytes used were made to have 2.5, 5.0, and 10% of PEG 400
relative to the volume of DI water used in the previous electrolyte.
The additional samples were denoted as 2.5%-PEG, 5.0%-PEG, and
10%-PEG for the α-Fe2O3 films prepared using the electrolytes that
contained 2.5, 5.0, and 10% PEG 400 respectively. Further increase
of the percentage of PEG 400 in the electrolyte to 20% did not
result in the deposition of any significant films. This could be due

Table 3. DFT calculated formation energies for the doped α-Fe2O3 systems.

Doped α-Fe2O3 layer (L) Formation energy (eV)

Fe-rich O-rich

2.1% Mn-doped L2 � 0.89 � 3.74

2.1% Mn-doped L3 � 0.99 � 3.83

4.2% Mn-doped L2 � 1.96 � 7.65

4.2% Mn-doped L2_3 � 2.56 � 8.26
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to the drop in the conductivity of the electrolyte because of the
increase in the PEG 400 (an organic polymer) in the solution.

Electrodeposition of α-Fe2O3 Films Doped with Mn

MnCl2.4H2O salt was used as the Mn ion source in the electrolyte
for the electrodeposition of the Mn-doped α-Fe2O3 photoelectrodes.
1, 3, 6, and 10% of MnCl2.4H2O, calculated by percentage molarity
of FeCl3, was added to the solution that contains 10% PEG
described in section 4.1 and used as the electrolytes in the
electrodeposition of α-Fe2O3 electrodes doped with Mn. The same
electrodeposition and annealing procedure used for the prepara-
tion of the pristine α-Fe2O3 films was also engaged in the
fabrication of the Mn-doped samples. The films were also annealed
at 550 °C to avoid the unintentional thermal diffusion of Sn from
the FTO substrates into the Mn-α-Fe2O3 films to enable a more
precise study of the impact of Mn-doping on the characteristics
and PEC response of the photoanodes. The Mn-doped samples
prepared using the electrolyte which contained 1, 3, 6, and 10% of
MnCl2.4H2O were denoted as 1%-Mn-, 3%-Mn-, 6%-Mn-, and 10%-
Mn- α-Fe2O3 respectively.

Characterization

The phase compositions and other structural properties of the
pristine and Mn-doped α-Fe2O3 films were investigated using the X-
ray diffraction technique, via the engagement of the Bruker D2
PHRASER diffractometer with CuKα radiation of 0.15418 nm wave-
length. A WiTec alpha 300 RAS+ confocal Raman apparatus set at
5 mW, with an excitation laser of 532 nm, was engaged in
conducting Raman spectroscopy measurements on the samples to
obtain their vibrational phonon modes. The morphology of the
pristine and doped Mn-films and their cross-sectional views were
studied using the field emission gun scanning electron microscopy
(FEG-SEM) microscopy technique. The Zeiss Ultrafast 540 apparatus
was used for these studies and the images obtained were further
evaluated by employing the ImageJ tool to extract the grain size
and thickness of the films. An Energy Dispersive X-ray Spectroscopy
(EDS) facility which was integrated to the SEM apparatus was
employed to research the elements present in the pristine and
doped α-Fe2O3 films. The optical characteristics of the samples were
examined using the Ultraviolet–Visible (UV–Vis) spectroscopy
technique via the Agilent CARY 60 UV–Vis instrument.

PEC Investigations

A VersaSTAT 3F potentiostat coupled to a three-electrode PEC cell
was used to perform electrochemical measurements on the pristine
and Mn-doped α-Fe2O3 samples. The prepared samples acted as the
working photoelectrode in the cell and a 1 M NaOH served as the
electrolyte, whereas Ag/AgCl in a 3 M solution of KCl and 4 cm2

platinum mesh performed the roles of the reference and counter
electrodes respectively. The illumination source employed during
the PEC data collection was a Newport Oriel® LCS – 100™ solar
radiation simulator, adjusted to 1 sun with the aid of a standard cell
(Newport 91150V). The illumination surface area that the photo-
anodes were exposed to was 0.49 cm2. Linear voltammetry
measurements were carried out in both dark and light circum-
stances on the samples, at the rate of 0.05 V/s, to ascertain their
photocurrent densities at different potentials. Potentiostatic electro-
chemical impedance spectroscopy (PEIS) analysis was conducted on
the photoelectrodes under illumination at 0.5 V potential against
Ag/AgCl, 10000–0.1 Hz, and at an amplitude of 10 mV. ZView
software for impedance spectroscopy analysis was used for fitting
the PEIS data obtained from the raw analysis to a modeled circuit.

A single frequency of 1000 Hz, an AC potential amplitude of 10 mV,
and a DC potential interval of � 1.1 to 0.6 V vs. Ag/AgCl were used
to perform Mott-Schottky investigations on the photoanodes under
dark conditions. All illumination was done from the rear sides of the
substrates. Equation 4 gives the Nernst relation that was used to
transform the potential vs. Ag/AgCl scale to the RHE reference.

ERHE ¼ 0:1976V þ 0:059� pHð ÞþEAg=AgCl (4)

where ERHE denotes the potential vs. RHE scale, 0.1976 V is the
estimated value of the potential of Ag/AgCl scale vs. the normal H2

electrode (NHE) at 25 °C, EAg=AgCl represents the electrochemical
experiments’ potential against the Ag/AgCl reference electrode,[26,27]

and the pH of the electrolyte used was 13.6.

Computational Methods

DFT method[66] as implemented in quantum-espresso code[67] was
engaged to obtain a better understanding of the optical, structural,
and electronic properties of the undoped α-Fe2O3 and the ones
doped with Mn. The valence electrons were described using the
Vanderbilt Ultrasoft Pseudopotentials (USPPs),[68] whilst the ex-
change and correlation energies were handled at the level of the
generalized gradient approximation (GGA) of Perdew—Burke–
Ernzerhof (PBE).[69] The DFT+U method with the converged U=

5 eV[48] was used to more accurately study the electronic structure
of the undoped and Mn-doped systems of α-Fe2O3. The expansion
of the electronic wave function was done within the plain wave
(PW) basis set, using 540 eV as the kinetic energy cut-off. For the
force, the threshold for the energy convergence was set to 10� 5 eV
and 10� 2 eV/Å. The supercell approach was employed to evaluate
the effects of Mn-doping on the electronic and stability properties
of α-Fe2O3. The Monkhorst–Pack (MP) k-point grids

[70] of 2×2×1 and
6×6×2 was applied in conducting the Brillouin zone integration for
the evaluation of the total energies and the partial density of states
(PDOS) respectively, for the supercell of 120 atoms.
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