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Abstract: In this study, zinc-doped (α-Fe2O3:Zn), silver-doped (α-Fe2O3:Ag) and zinc/silver co-
doped hematite (α-Fe2O3:Zn/Ag) nanostructures were synthesized by spray pyrolysis. The synthe-
sized nanostructures were used as photoanodes in the photoelectrochemical (PEC) cell for water-
splitting. A significant improvement in photocurrent density of 0.470 mAcm−2 at 1.23 V vs. reversible
hydrogen electrode (RHE) was recorded for α-Fe2O3:Zn/Ag. The α-Fe2O3:Ag, α-Fe2O3:Zn and
pristine hematite samples produced photocurrent densities of 0.270, 0.160, and 0.033 mAcm−2,
respectively. Mott–Schottky analysis showed that α-Fe2O3:Zn/Ag had the highest free carrier den-
sity of 8.75 × 1020 cm−3, while pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag had carrier densities of
1.57 × 1019, 5.63 × 1020, and 6.91 × 1020 cm−3, respectively. Electrochemical impedance spectra
revealed a low impedance for α-Fe2O3:Zn/Ag. X-ray diffraction confirmed the rhombohedral corun-
dum structure of hematite. Scanning electron microscopy micrographs, on the other hand, showed
uniformly distributed grains with an average size of <30 nm. The films were absorbing in the visible
region with an absorption onset ranging from 652 to 590 nm, corresponding to a bandgap range
of 1.9 to 2.1 eV. Global analysis of ultrafast transient absorption spectroscopy data revealed four
decay lifetimes, with a reduction in the electron-hole recombination rate of the doped samples on a
timescale of tens of picoseconds.

Keywords: hematite nanoparticles; doping; chemical spray pyrolysis; photocurrent; water-splitting;
transient absorption spectroscopy

1. Introduction

Solar energy is one of the alternative solutions to the existing gap of energy demand
if proper utilization is done. Global energy consumption is projected to rise by 28%
from 575 quadrillion British thermal units (Btu) in 2015 to 736 quadrillion Btu in 2040 [1].
Harvesting of 0.04% of the solar energy to produce 50 TW will be sufficient to meet the
world energy demand. One of the effective and clean approaches for the production of
clean energy is solar-driven water-splitting, where hydrogen (H2) and oxygen (O2) gases
are released [2]. During this process, sunlight is absorbed using a suitable semiconductor
producing electron-hole (e−h+) pairs. The holes and electrons are separated and used for
oxidation of H2O and reduction of H− to produce oxygen and hydrogen gases, respectively.
In comparison with other fossil fuels, H2 can produce high efficiency with its fuel being
environmentally benign [3]. The principle of a PEC cell for water-splitting is presented in
Figure 1.

Different semiconductors have been employed in PEC applications. To ensure ef-
ficient water-splitting, a suitable semiconductor should have an appropriate bandgap
(<2.5 eV), and good conductivity [4]. However, finding a semiconductor that meets these
two conditions has been a long-standing challenge. Hematite (α-Fe2O3) has been used as a
photoanode due to its small bandgap (1.9–2.2 eV) that absorbs 40% of the solar spectrum in
the visible region [5]. Additionally, hematite is chemically stable and relatively abundant [6].
Despite these advantages, α-Fe2O3 has some shortcomings that include poor conductivity
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and fast electron-hole recombination. In addition, the conduction band edge of hematite is
below the H+/H2 potential, hence an external bias is needed to ensure water reduction.

Figure 1. Schematic of the PEC cell for water splitting setup.

Due to hematite’s poor conductivity and short e−h+ diffusion lengths, several meth-
ods have been explored to possibly improve the photocurrent production. One of these
approaches includes nanostructuring, which was first reported by Fitzmaurice et al. with
ruthenium-based complexes on TiO2 [7]. The nanostructures provide a large semiconductor–
electrolyte interface in which the redox reactions take place to enable the charge separation.
Similarly, nanostructured and ultrathin films have been reported before as one of the
ways to address the short diffusion length, which is one of the limitations of hematite in
PEC water-splitting. The bandgap of the photoelectrode materials can be manipulated
due to the quantum confinement effect resulting from nanostructuring [8]. Underlayers
and overlayers have also been used to reduce surface recombination and enhance charge
separation [9–11]. Doping of hematite with metals can increase the charge carrier den-
sity and accelerate the surface oxidation reaction, hence improving the photocurrent [12].
Metal ion doping, on the other hand, can also create recombination sites, thereby creating
another energy level that might hinder the electron transfer [13]. Through doping, PEC
water oxidation/reduction efficiency is enhanced due to the reduction in the crystalline
disorder [14].

To study the electron-hole lifetimes and exciton dynamics of hematite nanostruc-
tured thin films, several transient absorption spectroscopy (TAS) studies have been con-
ducted [11,15–17]. TAS on pristine and doped hematite can help in determining the effect
of doping on the electron-hole recombination [16,18]. The charge carrier dynamics on
passivated hematite surfaces have been reported by Barroso et al. on microsecond and
second timescales [9]. The lifetime of photogenerated holes was increased as a result of
cobalt phosphate. From their study, doping and heterojunctioning can therefore enhance
the lifetime of the charge carries and this is one of the motivations of this study. The ef-
fect of the applied bias on charge recombination using TAS has also been reported [19].
In addition, a study by Liam et al. reported little change in the charge recombination in
nanostructures with large grain sizes. Despite other reports on the role of dopants on
the charge carrier dynamics and recombination, limited research has been conducted on
the effect of surface doping on the charge carrier dynamics of α-Fe2O3:Zn, α-Fe2O3:Ag,
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and α-Fe2O3:Zn/Ag nanoparticles prepared using spray pyrolysis. This research provides
a deeper understanding of electron-hole recombination on doped hematite.

In this study, spray pyrolysis was used to synthesize α-Fe2O3:Zn, α-Fe2O3:Ag and
α-Fe2O3:Zn/Ag nanoparticles at a deposition temperature of 430 ◦C. From the decay
lifetimes, femtosecond and picosecond timescales obtained by ultrafast transient absorption
spectroscopy measurements of doped hematite reported reduction in the electron-hole
recombination. Current-density and voltage measurements of α-Fe2O3:Zn/Ag reported
an improvement in photocurrent density from 0.040 mAcm−2 for pristine α-Fe2O3 to
0.470 mAcm−2 for α-Fe2O3:Zn/Ag at 1.23 V vs. RHE.

2. Experimental Details

Chemical spray pyrolysis (CSP) was used in the synthesis of hematite nanostructures,
as described in our previous work [20,21]. The samples were prepared on a fluorine-doped
tin oxide (SnO2:F) glass substrate using 50 mM of the dissolved iron nitrate nonahydrate,
Fe(NO3)3.9H2O (Sigma Aldrich, Johannesburg, South Africa) as the precursor and deion-
ized water (DI) as the solvent [22]. A nozzle-to-substrate height of 20 cm, spray pressure
of 2.2 × 10−5 Pa, and 0.2 mm nozzle diameter were all kept constant during thin film
deposition. Nitrogen gas was used as the carrier gas. The pristine samples were calci-
nated at 500 ◦C for 1 h and left to cool naturally to room temperature. These samples
were used as seed layers for the surface-doping of Ag, Zn, and Zn/Ag. α-Fe2O3:Zn,
α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag samples were prepared using zinc nitrate hexahydrate
(Zn(NO3)2.6H2O, Sigma Aldrich, South Africa) and silver nitrate (Ag(NO)3, Sigma Aldrich,
South Africa) as the precursor dopants, with a doping concentration of 0.5 wt%. The dopant
precursor was then mixed with 50 mM of Fe(NO3).9H2O for 10 min at room temperature to
obtain a homogeneous solution. For the surface co-doped samples, 0.5 wt % of (Ag(NO)3),
Zn(NO3)2.6H2O prepared separately were added to a beaker containing 50 mM solu-
tion of Fe(NO3).9H2O, and stirred to obtain a uniform solution. The solution was then
sprayed onto the annealed hematite samples using CSP for 20 s at 430 ◦C to create a thin,
nanostructured, doped hematite layer on top of the seed layer. The surface doped and
co-doped samples were finally annealed at 500 ◦C and left to cool for 12 h at room tem-
perature. The samples were annealed separately to avoid possible contamination at high
temperatures. Figure 2 presents the architecture of as-prepared surface doped and pristine
hematite samples.

Figure 2. Architecture of nanostructured α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag samples
prepared by chemical spray pyrolysis at 430 ◦C deposition temperature.

A field-emission scanning electron microscope (Zeiss Crossbeam 540 FESEM-Microscopes)
operating at 2 kV was used to study the surface morphology of the nanostructures. The crys-
tal structures of the pristine, doped, and co-doped samples were confirmed using a Bruker
D2 Phaser X-ray diffractometer (XRD) with CuKα radiation, a 0.15418 nm source, scanning
speed of 0.05◦ per minute and a 2θ range of 20◦–70◦. A Cary 100 Bio UV-Vis spectropho-
tometer was used to measure the optical properties of these doped and pristine hematite
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thin films. Electrochemical measurements were carried out using a potentiostat (VersaS-
TAT 3F potentiostat from Princeton Applied Research). The prepared pristine hematite,
α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag were used as working electrodes. For the
counter-electrode, a platinum mesh was used, while 3.0 M KCl saturated Ag/AgCl was
our reference electrode. Linear Scan Voltammetry (LSV) measurements were performed
using 1.0 M NaOH, pH 13.8 as the electrolyte, with a scan rate of 0.05 mVs−1 in the voltage
range of 0 to 1 V vs. Ag/AgCl. Dark measurements were first done for 5 min before
running the experiment. A 0.49 cm2 area of the pristine and doped hematite samples
was irradiated using a solar simulator (Newport LSC 100 W Xenon lamp), with AM 1.5 G
(100 mW cm−2) spectrally corrected by filters. The potentials obtained were thereafter
converted to a reversible hydrogen electrode (RHE) using the Nernst Equation (1) [20]:

ERHE = E(Ag/AgCl) + 0.059PH + E◦(Ag/AgCl), (1)

where E◦(Ag/AgCl) is 0.205 V at 25◦, and E(Ag/AgCl) is the potential against the reference
electrode (Ag/AgCl) measured experimentally. A potential that ranged from −0.2 V to
0.5 V vs. Ag/AgCl at a frequency of 10 kHz was used to perform Mott–Schottky and
impedance measurements under dark conditions.

Ultrafast transient absorbance spectroscopy measurements were performed on all the
prepared samples to study the lifetimes of the charge carriers and the exciton dynamics
using a Ti:Sapphire chirped-pulse amplified laser source (Clark-MXR) operating at a 1 kHz
repetition rate, with a peak output wavelength of 775 nm, a pulse width of 150 fs, and
average peak power of 800 mW. The output beam was split into two (pump and probe)
using a beam splitter. Approximately 565 mW was used as the probe beam, while 235 mW
was used as the pump beam. The pump beam was sent through a beta barium borate (BBO)
crystal for frequency doubling to produce a 387.5 nm centered beam having a FWHM
bandwidth of 4 nm. A chopper placed in the pump beam was used to enable “pumped”
and “unpumped” measurements. The probe beam was passed through a 2 ns optical
delay line. Thereafter, the probe beam was attenuated and focused on a sapphire crystal
to produce a white light continuum in the 430–700 nm wavelength range. The probe and
pump beams were made to overlap spatially and temporally inside the sample. At the
sample, the power of the pump beam was 25 mW. Beyond the sample, the pump beam was
blocked, while the probe beam was focused into an optical fiber and dispersed onto a CMOS
sensor (Synertronic Designs) to capture the transmitted spectra. Finally, Glotaran was used
to perform global analysis of the data using a four-component sequential model [23].
The number of model compartments was determined by singular value decomposition
(SVD) of the raw data. From the analysis model, evolution-associated difference spectra
(EADS) and corresponding decay lifetimes were obtained. The femtosecond pump-probe
experimental setup is depicted in Figure 3.
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Figure 3. Schematic diagram of the femtosecond transient absorption spectroscopy setup used for the
pump-probe measurements of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag samples.

3. Results and Discussion
3.1. X-ray Diffraction

The crystal structure of α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag were confirmed
using XRD (Figure 4). The intensity of the main phases of hematite (104) and (110) indexed
at 33.2◦ and 35.5◦, respectively, matched the corundum rhombohedral structure of hematite,
with a = 5.075 Å and c = 13.748 Å (JCPDS file 33-0664) and was observed for all the samples.

Figure 4. XRD patterns of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag samples
prepared by chemical spray pyrolysis at 430 ◦C.
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The peak intensities of the doped samples did not decrease in relation to undoped
hematite. The (110) phase has a relatively higher intensity as compared to (104) peak of
rhombohedral structure for both the undoped and doped hematite, an indication that
the doped samples still had a vertical orientation of their (001) plane with respect to the
substrate. This orientation has been reported to be favorable to photoanode activity [24].
Naghmehalsadat et al. have reported similar results on Zn- and Ti-doped hematite for
photoelectrochemical water oxidation using an electrodeposition technique [25]. JCPDS file
no. 33-0664 was also used to confirm the indexing of all other 2-theta planes. Besides, other
crystal structures of Zn and Ag were not detected in our XRD study. Doping of hematite led
to an increase in the lattice parameters. This could be due to the increase in the ionic radius
of Ag+(0.115 nm) and Zn2+(0.074 nm) compared to Fe3+(0.064 nm) and O2−(0.140 nm).
Additionally, there could be a possible increase in the Coulombic repulsion between the
ion charges during doping [26].

3.2. Morphology of Hematite Nanoparticles

A FESEM analysis in Figure 5 shows a nanoporous nanoparticle distribution on the
surface with a uniform distribution of the grain sizes for all the samples. For α-Fe2O3,
the grains were rod-like and the pores were of a similar size. For all the samples the
grain sizes were <30 nm as determined using ImageJ software. There was a uniform
distribution of the grain sizes over all the samples. However, for the α-Fe2O3:Ag sample,
there was an observed rod-like grain with pores that were almost having the same diameter.
The differences in the grain sizes could possibly arise from different nucleation media of
the dopant precursors used. A small grain size is advantageous considering that hematite
suffers from short electron-hole diffusion lengths [16]. This enables more charge carriers to
reach the surface before recombination takes place. The film thickness of 545 nm, 497 nm,
462 nm, and 433 nm were estimated from the cross-section using FESEM. Due to the poor
absorption of hematite, a thickness ranging from 400 to 500 nm is required for complete
absorption to take place [27].

Figure 5. FESEM images of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag samples.

3.3. Optical Properties

The optical absorbance of the α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag samples
was measured using UV-Vis spectroscopy. The samples absorbed in the visible region,
with an onset absorbance in the range of 592 nm to 665 nm as shown in Figure 6. The ab-
sorbance of the doped samples was slightly blue-shifted in comparison to pristine hematite.
This could be due to a decrease in thickness and doping effect. Research has shown that,
unlike thick films that present a single transition, thinner films like the ones obtained in this
study can have three transitions [3]. These transitions indicate the presence of intermediate
energy levels, which signify electrons trapped closer to the conduction band [3]. Stress
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caused by a strong interaction between the substrate and the film could have led to the
origin of the intermediate levels [28]. The bandgaps of these thin films were estimated by
extrapolating the linear part of the absorption spectra close to the onset of absorbance and
converting to eV using the relation,

Eg(eV) =
1240

λ(nm)
, (2)

where λ is the wavelength where the extrapolated linear absorption intersects the x-axis.
Absorption in the visible range is due to Fe3+ d-d transitions [29]. Although d-d transitions
are spin forbidden, they do occur with a low probability due to spin-orbit coupling [29].
Maximum absorbance for the doped samples was observed around 400 nm. This could
be due to ligand to metal charge transfer (LMCT) from the O(2p) orbitals to the Fe3+2t2g
and 3eg orbitals [30]. However, for pristine hematite the absorbance increases further
to the blue of 400 nm. The bandgaps of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and
α-Fe2O3:Zn/Ag were obtained as 1.9, 2.1, 2.0 and 2.1 eV, respectively, which fall within the
standard hematite bandgap values.

Figure 6. Optical absorption of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag
samples prepared by spray pyrolysis.

3.4. Photocurrent Density Measurements

The performance of the electrodes was obtained using a 1 M NaOH electrolyte
(pH 13.8), both in the dark and under simulated solar light (AM 1.5 G, 100 mWcm−2).
Figure 7 shows current densities of the pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-
Fe2O3:Zn/Ag samples that were used as photoanodes for PEC water-splitting. Photocur-
rent densities of 0.033, 0.160, 0.270, and 0.470 mAcm−2 at 1.23 V vs. RHE were obtained
for the pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag photoanodes, re-
spectively. There was a significant increase in the photocurrent density of α-Fe2O3:Zn/Ag
as compared to all other samples. The J-V curves were used to calculate the applied bias
photon to current efficiency (ABPE) below the thermodynamic potential of water oxidation
(1.23 V vs. RHE) from a working and reference electrode using the equation:

ABPE =
Jp × (1.23−Vbias)

Pin
× 100%, (3)
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where Jp is the photocurrent density (mAcm−2), Vbias is the applied voltage between the
two electrodes and Pin is the incident illumination power density (100 mWcm−2). Figure 8
presents the calculated ABPE efficiency of pristine and doped hematite for a bias potential
of 0.2–1.2 V vs. RHE [31–33]. It can be seen that the efficiency increased as the potentials
were increased for the doped samples. The 1.0 V vs. RHE gave the maximum efficiency
of 0.0413, 0.0023, 0.0085, and 0.000253% for α-Fe2O3:Zn/Ag, α-Fe2O3:Ag, α-Fe2O3:Zn,
and pristine α-Fe2O3 respectively. The low photocurrent obtained for the pristine hematite
could be due to the poor conductivity and is similar to our previous studies [21,22]. The im-
provement of the current density of the doped samples could be due to the increase in
donor density, supporting how the recombination of the photogenerated electrons and
holes was significantly reduced as discussed in Section 3.5. On the other hand, the onset
potential shifted cathodically by about 750 mV for pristine α-Fe2O3 and α-Fe2O3:Zn/Ag.
Another possibility of photocurrent improvement is suppression in the formation of sur-
face traps in α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag, thus enhancing the transient
lifetimes [26]. Pristine hematite has low electron mobility, hence high electron-hole recom-
bination, resulting in low photocurrent densities. Higher photocurrents for the doped and
codoped hematite were not obtained since we used low doping concentrations. A study
by Naghmehalsadat et al. showed that increase in the Zn and Ti doping concentration
improved the photocurrents obtained [25]. Additionally, Chen et al., in their study of
doping hematite with Zn, revealed a photocathode from photoanode hematite with im-
proved photocurrents [34]. However, in this study, we only used low concentration to
study the effect of doping on photoelectrochemical water-splitting. The low doping con-
centrations used did not change hematite from photoanode to photocathode, as reported in
the Mott–Schottky analysis.

Figure 7. Photocurrent densities of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag.
A scan rate of 50 mVs−1 and 1 M NaOH as electrolyte were used.
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Figure 8. ABPE spectra of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag for poten-
tials of 0.2 to 1.2 V vs. RHE.

3.5. Electrochemical Impedance Measurements

Mott–Schottky (M-S) measurements at 10 kHz were performed on the pristine and
doped samples to investigate the electronic properties of the nanostructures. Figure 9
shows that the M-S slopes were all positive, an indication that the doped and co-doped
samples are n-type. The carrier density and flat band potentials were estimated using
the equation,

1
C2 =

2
qεεo A2ND

(E− EFB)−
kT
q

, (4)

where C is the space charge capacitance, q is the electron charge, ε is the dielectric constant
of hematite [35], εo is the dielectric permittivity of vacuum, A2 is the surface area of the
electrode, ND is the carrier density, E is the applied electrode potential, EFB is the flat band
potential, k is Boltzmann’s constant and T is room temperature. The donor density (ND)
was obtained from the slope of the graph while the onset potential gives the flat band
potential (EFB).

The flat band potential of the pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and
α-Fe2O3:Zn/Ag samples were obtained as 0.76, 0.73, 0.56, and 0.51 V vs. RHE, respec-
tively. The donor densities were obtained as 1.57 × 1019, 5.63 × 1020, 6.91 × 1020, and
8.75 × 1020 cm−3 for the pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag sam-
ples, respectively. There was a one order increase in the donor density for α-Fe2O3:Zn/Ag as
compared to the pristine α-Fe2O3. This increase in ND and the negative shift of EFB could
have led to the improvement in the photocurrent. The improved conductivity could have
further led to the transfer of surface electrons, reducing the recombination of electrons and
holes, hence favoring a low onset potential [36]. The results obtained are consistent with
those of Xi et al., on their study of a surface treatment of hematite photoanodes using zinc
acetate for water oxidation [37]. The results further reveal that the surface doping with
Ag and Zn did not change the hematite from the photoanode to photocathode hence, the
oxygen evolution reaction (OER) still took place on the photoelectrodes.
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Figure 9. Mott–Schottky curves for pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag in
the dark. The inset shows the Mott–Schottky curve of pristine α-Fe2O3. Linear fits (solid lines) of the
linear sections of the curves were used to estimate EFB from the x intercept and ND from the slope.

To better understand the electrochemical behavior of these photoanodes, a three-
electrode configuration was used to measure the electrochemical impedance. The impedance
measurements were determined using Ohms law,

Z(ω) =
V(t)
I(t)

, (5)

where V(t) = Vo + Vmsin(ωt), and I(t) = Io + Imsin(ωt + θ). Here, Vo and Io represent the dc
bias potential and a steady-state current flowing in the electrolyte when performing the EIS
experiment, while the maximum obtained voltage and sinusoidal current signal are repre-
sented by Vm and Im, respectively, while θ is the phase angle [38]. The EIS Nyquist plots of
the pristine hematite, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag samples are presented
in Figure 10. The curve for pristine hematite exhibits the largest diameter while that of
α-Fe2O3:Zn/Ag showed the smallest diameter. Besides, the n-type α-Fe2O3/electrolyte for
a PEC system is normally presented by the largest semicircle [39], which was in agreement
with our results. This also indicates that there was high resistance in the undoped hematite
compared to the doped ones (α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag). In addi-
tion, this smaller semicircle further explains the improvement in the photocurrent for
α-Fe2O3:Zn/Ag samples, as compared to pristine α-Fe2O3 [25]. Doping, therefore, reduces
the OER barrier by reducing the charge transfer barrier at the electrode interface [40].

The equivalent electrical circuit models that give more information on the charge
trapping, transport, and charge transfer at the electrolyte/photoelectrode interface were
performed using EIS spectrum analyzer software [41]. The RC circuit consisting of FTO
resistance (R1), a constant phase element (CPE1), and the charge transfer resistance, R2,
(Rct) at the α-Fe2O3/electrolyte was successfully used to fit the data for all our samples.
From the fitting results, there was a reduction in the charge transfer resistance of all the
doped samples, compared to pristine hematite. The high resistance on the semiconductors
from this study can be assigned to the α-Fe2O3/electrolyte interface. This is due to the
difficulties the minority charge carriers (holes) experience to travel from the hematite layer
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to oxidize water, mainly due to the poor conductivity of hematite [39]. The lowest Rct
was observed on the α-Fe2O3:Zn/Ag sample, which agrees with the photocurrent results.
At the same time, there was an observable change in CPE1 for the doped samples compared
to that of pristine α-Fe2O3, which further explains the small semicircle obtained for those
photoelectrodes. Additionally, the decrease in CPE1 indicates the formation of a high charge
transfer gradient when the dopants are introduced. Figure 11 summarizes the comparison
of the photocurrent density at 1.23 V vs. RHE, and the donor densities while (Table 1)
presents the resistance and capacitance fitting values for Nyquist plots for undoped and
doped hematite.
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and α-Fe2O3:Zn/Ag using a 1 M NaOH electrolyte under illumination, with the inset showing an
equivalent circuit. R1 and R2 are the resistance of FTO and charge transfer, respectively, while CPE1
is the constant phase element that defines the charge gradient.

Figure 11. (a) Comparison of the photocurrent density, at 1.23 V vs. RHE, and (b) donor density (ND)
of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag.

Figure 10. Electrochemical impedance measurements of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag
and α-Fe2O3:Zn/Ag using a 1 M NaOH electrolyte under illumination, with the inset showing an
equivalent circuit. R1 and R2 are the resistance of FTO and charge transfer, respectively, while CPE1
is the constant phase element that defines the charge gradient.

Figure 11. (a) Comparison of the photocurrent density, at 1.23 V vs. RHE, and (b) donor density (ND)
of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag.
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Table 1. Resistance and capacitance fitting values for Nyquist plots of the samples.

Sample R1 CPE1 R2
(Ω) (×10−6 Fcm−2) (Ω)

pristine hematite 57.9 7.7 1162.3
α-Fe2O3:Zn 53.2 7.5 808.5
α-Fe2O3:Ag 50.4 7.4 753.5

α-Fe2O3:Zn/Ag 50.3 4.2 749.8

3.6. Ultrafast Transient Absorption Spectroscopy

Colour maps of the time and wavelength-dependence of the difference absorption
(4A) of pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag obtained from
ultrafast transient absorption spectroscopy are presented in Figure 12 for delay times up to
180 ps and line spectra at selected delay times are shown in Figure 13. The broad, positive
bands in Figures 12 and 13 are centered near 570 nm, extend beyond 650 nm and relate to
excited state absorption (ESA). The heat maps (Figure 12) describe the changes in the ESA
feature. For all samples, this ESA band was present from zero delay time, indicating rapid
formation within the ultrashort time resolution of our setup, and decays slowly, showing a
significant amplitude still after 1.1 ns. Although the doping does not necessarily improve
the lifetimes of the charge carriers as reported previously by Morris and co-workers [42],
the morphology of the samples synthesized had a great impact since the average grain size
of α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag samples was <30 nm.

Figure 12. Difference absorption (4A) as a function of delay time and wavelength for (a) Pristine
α-Fe2O3 (b) α-Fe2O3:Zn, (c) α-Fe2O3:Ag and (d) α-Fe2O3:Zn/Ag.

To further explain the electron-hole recombination resulting from the decay of the
positive band (570 nm peak), kinetic traces at selected wavelengths in the range of 450 to
650 nm were extracted as shown in Figure 14. There was no observable ground-state bleach
of the four samples as shown in Figures 14 and 15. The presence of intra-bandgap states in
hematite thin films has also been associated with the ESA feature [43]. On the other hand,
a study conducted by Sorenson and co-workers on the comparison of transient absorption
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signals by calculation of the hematite electronic band structure concluded that the positive
band could result from excited-electron absorption [44]. In Figure 13, the signals can be
observed to have grown to the maximum value in the transient time scale (<150 fs) and
decayed faster for the first 2 ps before slowing down.

Figure 13. Difference absorption spectra at selected delay times for (a) pristine α-Fe2O3 (b) α-Fe2O3:Zn,
(c) α-Fe2O3:Ag and (d) α-Fe2O3:Zn/Ag samples measured using transient ultrafast spectroscopy.

Figure 14. Kinetic traces at selected wavelengths (450, 510,570, 600, 620, and 650 nm) for (a) pristine
α-Fe2O3, (b) α-Fe2O3:Zn, (c) α-Fe2O3:Ag, and, (d) α-Fe2O3:Zn/Ag.
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3.7. Global Analysis

Global analysis was performed to determine the electron-hole dynamics (e-h relax-
ation to the respective band edges, electron trapping by defects and e-h recombination)
for pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag. This was done using a
four-component sequential model described elsewhere [16]. The evolution-associated dif-
ference spectra (EADS) with associated decay lifetimes for the pristine α-Fe2O3, α-Fe2O3:Zn,
α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag samples were obtained from the analysis and are shown
in Figure 15. These lifetimes ranged from femtosecond to nanosecond timescales.

Figure 15. Evolution associated difference spectra (EADS) with associated decay lifetimes for
(a) pristine α-Fe2O3, (b) α-Fe2O3:Zn, (c) α-Fe2O3:Ag, and, (d) α-Fe2O3:Zn/Ag.

During the process of excitation from the ground to excited states, creation of hot
electrons and holes takes place. The electrons later thermalize and relax to the bottom
of the conduction band while the holes relax to the top of the valence band, and most of
the process happens on a sub-ps timescale [45]. This process was associated with the first
lifetime, τ1 (Table 2) ranging between 797 fs and 1 ps for the four samples. The variation
of the lifetimes could be due to the improvement in the conductivity that resulted from
the monodoping and codoping. This is illustrated in Figure 9 where there was an increase
in the donor density of the codoped and monodoped from the pristine hematite. This
means that there was a faster charge transport on the doped samples than pristine hematite.
The τ2 lifetimes obtained in this study ranged from 9 to 12 ps. Hematite is known to have
a high density of midgap states, the occupancy of which takes place on a femtosecond-
picosecond timescale. Therefore, τ2 is associated with electron trapping by midgap states.
The τ3 lifetimes that ranged from 49 to 97 ps can be assigned to the direct recombination
of electrons and holes trapped by the midgap states, leading to a longer lifetime than
the pure trap-assisted recombination [16]. The doped samples have basically the same
lifetime that is significantly longer (almost double) than that of pristine hematite. However,
the prolongation in lifetime observed in τ3 compared to pristine hematite could be due
to the nanorod-like structures that were obtained as shown in the FESEM micrographs
(Figure 5). The τ2 and τ3 lifetimes obtained in this study support the Mott–Schottky
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measurements (Figure 9). The signals related to low trap state densities could have been
present on the Mott–Schottky plots even though hematite suffers from poor conductivity
that results from the valence alternation of Fe3+/Fe2+ on spatially localized 3d orbitals,
affecting the efficiency of charge separation [46]. This could result from the strong coupling
between the conduction band and the trap states. Additionally, oxygen vacancies, which
are the primary defects in hematite, might have led to a high density of these trap states [47].
There was not much change observed in the XRD structure of hematite during doping.
However, the variation in these lifetimes for α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag
compared to that of pristine α-Fe2O3 could be due to differences in the grain sizes. The
fourth lifetime was on a ns timescale. One possible cause of these long lifetimes is the
recombination between valence band holes and those electrons previously transferred to
the FTO and transferred back to hematite through backflow [16]. This is possible due to the
0.19 eV energetic difference between FTO and hematite [11,16]. More studies on the other
possible causes of the fourth lifetime still need to be done. From Figure 15a, there seems to
be an interplay between 505 nm and 570 nm bands, while Figures 15b–d show a blue-shift
of the main band with time. From this study, it can be concluded that the shape of the
nanostructures does not affect the lifetime of the samples on the picosecond-nanosecond
timescale which is similar to what has been reported by other researchers [42,48]. Table 2
gives a summary of the current density (J), donor density, and lifetimes obtained from
this study.

Table 2. Summary of current density and lifetimes of pristine and doped samples obtained from
global analysis.

Sample J (1.23V) τ1 τ2 τ3 τ4 Donor Density
(mAcm−2) (fs) (ps) (ps) (ns) (×1020 cm−3)

Pristine hematite 0.033 811 9 49 10 0.157
α-Fe2O3:Zn 0.160 797 9 97 4 5.63
α-Fe2O3:Ag 0.270 813 9 96 10 6.91

α-Fe2O3:Zn/Ag 0.470 1005 12 85 8 8.75

4. Conclusions

Pristine α-Fe2O3, α-Fe2O3:Zn, α-Fe2O3:Ag, and α-Fe2O3:Zn/Ag were successfully
synthesized using spray pyrolysis. X-ray diffraction studies confirmed hematite with the
corundum structure with an R3̄C space group with a = b = 5.075 Å and c = 13.748 Å lattice
parameters. The main peaks (110) and (104) indexed at 33.3◦ and 35.5◦ were observed
in all samples. There was a slight shift of the main phases of hematite for doped sam-
ples due to an increasing ionic radius of Fe3+ by Ag+ and Zn2+. Bandgaps of pristine
hematite, α-Fe2O3:Zn, α-Fe2O3:Ag and α-Fe2O3:Zn/Ag were obtained as 1.9, 2.1, 2.0 and
2.1 eV, respectively. Mott–Schottky confirmed the n-type conductivity of all the samples.
An increase in donor density of more than one order of magnitude from 1.57 × 1019 to
8.75 × 1020 cm−3 for pristine α-Fe2O3 and α-Fe2O3:Zn/Ag, respectively, was observed.
This led to an improvement in the current density for the doped samples compared to
pristine α-Fe2O3. α-Fe2O3:Zn/Ag revealed the lowest impedance while pristine hematite
had the largest value, a further indication of low resistance for the surface doped samples
as compared to the undoped one. We conclude from this that doped samples had an
enhanced photocurrent, with α-Fe2O3:Zn/Ag producing the highest photocurrent of 0.470
from 0.033 mAcm−2 at 1.23 V vs. RHE for pristine α-Fe2O3.

Transient absorption spectroscopy was performed to obtain transient spectral sig-
natures and four associated decay lifetimes of all the samples. The first sub-picosecond
lifetime was associated with thermalization of excited electrons. The τ2 lifetimes obtained
in this study is assigned to electron trapping by midgap states. The τ3 lifetimes, on the
other hand, is assigned to direct electron-hole recombination trapped by the midgap states,
leading to a longer lifetime than the pure trap assisted recombination. Finally, the fourth,
nanosecond lifetime was proposed to result from recombination of electrons and holes
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transferred from the back of the FTO substrate. This study provides a deeper understanding
of the ultrafast spectroscopic studies of electron-hole recombination rates of mono-doping
and co-doping of hematite for improvement in PEC performance. The changes in the
resolved lifetimes obtained from this study were consistent with the improvement in the
photoactivity for the doped samples. Since there was a significant improvement in hydro-
gen production, future work will explore L-arginine/surface mono-doped and co-doped
hematite thin films, with the aim of further photoactivity enhancement.

Author Contributions: Conceptualization J.S.N.; methodology J.S.N.; data analysis J.S.N.; writing of
original manuscript J.S.N.; conceptualization A.T.P., data analysis A.T.P.; writing A.T.P.; conceptual-
ization T.P.J.K.; supervision T.P.J.K.; proofreading of the final manuscript T.P.J.K.; funding acquisition
T.P.J.K.; conceptualization M.D.; supervision M.D.; proofreading of the final manuscript M.D.; funding
acquisition M.D. All authors have read and agreed to the published version of the manuscript.

Funding: The authors wish to thank the Department of Physics, University of Pretoria for support,
externally Funded UP Post-Doctoral Fellowship Programme: Grant Cost Centre N0115/115463 of the
SARChI, the African Laser Centre (ALC, J.S.N.), and grant No. N00500/112085 (T.P.J.K.), Rental Pool
Programme of the National Laser Centre and Department of Science and Innovation (grant numbers
LREPA14 and LREPA14) for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used and or analysed during the current study are available
from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Meng, J.; Hu, X.; Chen, P.; Coffman, D.; Han, M. The unequal contribution to global energy consumption along the supply chain.

J. Environ. Manag. 2020, 268, 110701. [CrossRef]
2. Qiu, Y.; Leung, S.; Zhang, Q.; Hua, B.; Lin, Q.; Wei, Z.; Tsui, K.; Zhang, Y.; Yang, S.; Fan, Z. Efficient photoelectrochemical

water splitting with ultrathin films of hematite on three-dimensional nanophotonic structures. Nano Lett. 2014, 14, 2123–2129.
[CrossRef] [PubMed]

3. Wheeler, D.A.; Wang, G.; Ling, Y.; Li, Y.; Zhang, J.Z. Nanostructured hematite: Synthesis, characterization, charge carrier
dynamics, and photoelectrochemical properties. Energy Environ. Sci. 2012, 5, 6682–6702. [CrossRef]

4. Tsege, E.L.; Atabaev, T.S.; Hossain, M.A.; Lee, D.; Kim, H.K.; Hwang, Y.H. Cu-doped flower-like hematite nanostructures for
efficient water splitting applications. J. Phys. Chem. Solids 2016, 98, 283–289. [CrossRef]

5. Wang, J.J.; Hu, Y.; Toth, R.; Fortunato, G.; Braun, A. A facile nonpolar organic solution process of a nanostructured hematite
photoanode with high efficiency and stability for water splitting. R. Soc. Chem. 2016, 4, 2821–2825. [CrossRef]

6. Kumari, S.; Singh, A.P.; Tripathi, C.; Chauhan, D.; Dass, S.; Shrivastav, R.; Gupta, V.; Sreenivas, K.; Satsangi, V.R. Enhanced
photoelectrochemical response of Zn-dotted hematite. Int. J. Photoenergy 2007, 2007, 087467. [CrossRef]

7. Hoyle, R.; Sotomayor, J.; Will, G.; Fitzmaurice, D. Visible-light-induced and long-lived charge separation in a transparent
nanostructured semiconductor membrane modified by an adsorbed electron donor and electron acceptor. J. Phys. Chem. B 1997,
101, 10791–10800. [CrossRef]

8. Garoufalis, C.S.; Poulopoulos, P.; Bouropoulos, N.; Barnasas, A.; Baskoutas, S. Growth and optical properties of α-Fe2O3 thin
films: A study of quantum confinement effects by experiment and theory. Phys. E Low-Dimens. Syst. Nanostruct. 2017, 89, 67–71.
[CrossRef]

9. Barroso, M.; Cowan, A.J.; Pendlebury, S.R.; Gratzel, M.; Klug, D.R.; Durrant, J.R. The role of cobalt phosphate in enhancing the
photocatalytic activity of α-Fe2O3 toward water oxidation. J. Am. Chem. Soc. 2011, 133, 14868–14871. [CrossRef]

10. Hisatomi, T.; Dotan, H.; Stefik, M.; Sivula, K.; Rothschild, A.; Graetzel, M.; Mathews, N. Enhancement in the performance of
ultrathin hematite photoanode for water splitting by an oxide underlayer. Adv. Mater. 2012, 24, 2699–2702. [CrossRef]

11. Paradzah, A.T.; Diale, M.; Maabong, K.; Krüger, T.P.J. Use of interfacial layers to prolong hole lifetimes in hematite probed by
ultrafast transient absorption spectroscopy. Phys. B Condens. Matter 2018, 535, 138–142. [CrossRef]

12. Shen, S.; Zhou, J.; Dong, C.L.; Hu, Y.; Tseng, E.N.; Guo, P.; Guo, L.; Mao, S.S. Surface engineered doping of hematite nanorod
arrays for improved photoelectrochemical water splitting. Sci. Rep. 2014, 4, 6627. [CrossRef]

13. Ahn, H.J.; Yoon, K.Y.; Kwak, M.J.; Park, J.; Jang, J.H. Boron doping of metal-doped hematite for reduced surface recombination in
water splitting. ACS Catal. 2018, 8, 11932–11939. [CrossRef]

14. Zhang, Y.; Ji, H.; Ma, W.; Chen, C.; Song, W.; Zhao, J. Doping-promoted solar water oxidation on hematite photoanodes. Molecules
2016, 21, 868. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jenvman.2020.110701
http://dx.doi.org/10.1021/nl500359e
http://www.ncbi.nlm.nih.gov/pubmed/24601797
http://dx.doi.org/10.1039/c2ee00001f
http://dx.doi.org/10.1016/j.jpcs.2016.07.014
http://dx.doi.org/10.1039/C5TA06439B
http://dx.doi.org/10.1155/2007/87467
http://dx.doi.org/10.1021/jp9711297
http://dx.doi.org/10.1016/j.physe.2017.02.006
http://dx.doi.org/10.1021/ja205325v
http://dx.doi.org/10.1002/adma.201104868
http://dx.doi.org/10.1016/j.physb.2017.06.088
http://dx.doi.org/10.1038/srep06627
http://dx.doi.org/10.1021/acscatal.8b03184
http://dx.doi.org/10.3390/molecules21070868
http://www.ncbi.nlm.nih.gov/pubmed/27376262


Nanomaterials 2022, 12, 366 17 of 18

15. Pendlebury, S.R.; Barroso, M.; Cowan, A.J.; Sivula, K.; Tang, J.; Grätzel, M.; Klug, D.; Durrant, J.R. Dynamics of photogenerated
holes in nanocrystalline α-Fe2O3 electrodes for water oxidation probed by transient absorption spectroscopy. Chem. Commun.
2011, 47, 716–718. [CrossRef] [PubMed]

16. Paradzah, A.T.; Maabong, K.D.; Elnour, H.M.; Singh, A.; Diale, M.; Kruger, T.P.J. Identification of Exciton–Exciton Annihilation in
Hematite Thin Films. J. Phys. Chem. C 2019, 123, 18676–18684. [CrossRef]

17. Congolo, S.; Madito, M.J.; Paradzah, A.T.; Harrison, A.J.; Elnour, H.M.A.M.; Krüger, T.P.J.; Diale, M. Reduction of recombination
rates due to volume increasing, annealing, and tetraethoxysilicate treatment in hematite thin films. Appl. Nanosci. 2020, 10,
1957–1967. [CrossRef]

18. Pei, G.X.; Wijten, J.H.; Weckhuysen, B.M. Probing the dynamics of photogenerated holes in doped hematite photoanodes for solar
water splitting using transient absorption spectroscopy. Phys. Chem. Chem. Phys. 2018, 20, 9806–9811. [CrossRef] [PubMed]

19. Pendlebury, S.R; Wang, X.; Le Formal, F.; Cornuz, M.; Kafizas, A.; Tilley, S.D.; Gratzel, M.; Durrant, J.R. Ultrafast charge
recombination and trapping in hematite photoanodes under applied bias. J. Am. Chem. Soc. 2014, 136, 9854–9857. [CrossRef]

20. Nyarige, J.S.; Krüger, T.P.J.; Diale, M. Effects of L-arginine concentration on hematite nanostructures synthesized by spray
pyrolysis and chemical bath deposition. Phys. B Condens. Matter 2019, 581, 411924. [CrossRef]

21. Nyarige, J.S.; Krüger, T.P.J.; Diale, M. Influence of precursor concentration and deposition temperature on the photoactivity of
hematite electrodes for water splitting. Mater. Today Commun. 2020, 25, 101459. [CrossRef]

22. Nyarige, J.S.; Krüger, T.P.J.; Diale, M. Structural and optical properties of hematite and L-arginine/hematite nanostructures
prepared by thermal spray pyrolysis. Surfaces Interfaces 2020, 18, 100394. [CrossRef]

23. Snellenburg, J.J.; Laptenok, S.P.; Seger, R.; Mullen, K.M.; van Stokkum, I.H. Glotaran: A Java-Based Graphical User Interface for
the R Package TIMP. J. Stat. Softw. 2012, 49, 1–22. [CrossRef]

24. Chiam, S.Y.; Kumar, M.H.; Bassi, P.S.; Seng, H.L.; Barber, J.; Wong, L.H. Improving the efficiency of hematite nanorods for
photoelectrochemical water splitting by doping with manganese. ACS Appl. Mater. Interfaces 2014, 6, 5852–5859.

25. Mirbagheri, N.; Wang, D.; Peng, C.; Wang, J.; Huang, Q.; Fan, C.; Ferapontova, E.E. Visible light driven photoelectrochemical
water oxidation by Zn-and Ti-doped hematite nanostructures. ACS Catal. 2014, 4, 2006–2015. [CrossRef]

26. Aragaw, B.A.; Pan, C.J.; Su, W.N.; Chen, H.M.; Rick, J.; Hwang, B.J. Facile one-pot controlled synthesis of Sn and C codoped
single crystal TiO2 nanowire arrays for highly efficient photoelectrochemical water splitting. Appl. Catal. B Environ. 2015, 163,
478–486. [CrossRef]

27. Sivula, K.; Le Formal, F.; Grätzel, M. Solar water splitting: Progress using hematite (α-Fe2O3) photoelectrodes. ChemSusChem
2011, 4, 432–449. [CrossRef]

28. Souza, F.L.; Lopes, K.P.; Longo, E.; Leite, E.R. The influence of the film thickness of nanostructured α-Fe2O3 on water photooxida-
tion. Phys. Chem. Chem. Phys. 2009, 11, 1215–1219. [CrossRef] [PubMed]

29. Tossell, J.A.; Vaughan, D.J.; Johnson, K.H. The electronic structure of rutile, wustite, and hematite from molecular orbital
calculations. Am. Mineral. J. Earth Planet. Mater. 1974, 59, 319–334.

30. Marusak, L.A.; Messier, R.; White, W.B. Optical absorption spectrum of hematite, α-Fe2O3 near IR to UV. J. Phys. Chem. Solids
1980, 41, 981–984. [CrossRef]

31. Qiu, P.; Yang, H.; Yang, L.; Wang, Q.; Ge, L. Solar water splitting with nanostructured hematite: The role of annealing-temperature.
Electrochim. Acta 2018, 266, 431–440. [CrossRef]

32. Zhang, Y.; Huang, Y.; Zhu, S.S.; Liu, Y.Y.; Zhang, X.; Wang, J.J.; Braun, A. Covalent S-O bonding enables enhanced photoelectro-
chemical performance of Cu2S/Fe2O3 heterojunction for water splitting. Small 2021, 17, 2100320. [CrossRef]

33. Zhu, S.S.; Zhang, Y.; Zou, Y.; Guo, S.Y.; Liu, H.; Wang, J.J.; Braun, A. Cu2S/BiVO4 Heterostructure photoanode with extended
wavelength range for efficient water splitting. J. Phys. Chem. C 2021, 29, 15890–15898. [CrossRef]

34. Chen, Y.C.; Kuo, C.L.; Hsu, Y.K. Facile preparation of Zn-doped hematite thin film as photocathode for solar hydrogen generation.
J. Alloys Compd. 2018, 768, 810–816. [CrossRef]

35. Kennedy, J.H.; Frese, K.W., Jr. Flatband Potentials and Donor Densities of Polycrystalline α-Fe2O3 Determined from Mott-Schottky
Plots. J. Electrochem. Soc. 1978, 125, 723. [CrossRef]

36. Li, M.; Deng, J.; Pu, A.; Zhang, P.; Zhang, H.; Gao, J.; Hao, Y.; Zhong, J.; Sun, X. Hydrogen-treated hematite nanostructures with
low onset potential for highly efficient solar water oxidation. J. Mater. Chem. A 2014, 2, 6727–6733. [CrossRef]

37. Xi, L.; Bassi, P.S.; Chiam, S.Y.; Mak, W.F.; Tran, P.D.; Barber, J.; Loo, J.S.C.; Wong, L.H. Surface treatment of hematite photoanodes
with zinc acetate for water oxidation. Nanoscale 2012, 4, 4430–4433. [CrossRef]

38. Gelderman, K.; Lee, L.; Donne, S.W. Flat-band potential of a semiconductor: Using the Mott–Schottky equation. J. Chem. Educ.
2007, 84, 685. [CrossRef]

39. Kim, J.Y.; Jun, H.; Hong, S.J.; Kim, H.G.; Lee, J.S. Charge transfer in iron oxide photoanode modified with carbon nanotubes for
photoelectrochemical water oxidation: An electrochemical impedance study. Int. J. Hydrog. Energy 2011, 36, 9462–9468. [CrossRef]

40. Yu, Q.; Meng, X.; Wang, T.; Li, P.; Ye, J. Hematite films decorated with nanostructured ferric oxyhydroxide as photoanodes for
efficient and stable photoelectrochemical water splitting. Adv. Funct. Mater. 2015, 25, 2686–2692. [CrossRef]

41. Kim, J.Y.; Jang, J.W.; Youn, D.H.; Kim, J.Y.; Kim, E.S.; Lee, J.S. Graphene–carbon nanotube composite as an effective conducting
scaffold to enhance the photoelectrochemical water oxidation activity of a hematite film. RSC Adv. 2012, 2, 9415–9422.

42. Fitzmorris, B.C.; Patete, J.M.; Smith, J.; Mascorro, X.; Adams, S.; Wong, S.S.; Zhang, J.Z. Ultrafast transient absorption studies of
hematite nanoparticles: The effect of particle shape on exciton dynamics. ChemSusChem 2013, 6, 1907–1914. [CrossRef]

http://dx.doi.org/10.1039/C0CC03627G
http://www.ncbi.nlm.nih.gov/pubmed/21072391
http://dx.doi.org/10.1021/acs.jpcc.9b04664
http://dx.doi.org/10.1007/s13204-020-01264-7
http://dx.doi.org/10.1039/C8CP00981C
http://www.ncbi.nlm.nih.gov/pubmed/29620131
http://dx.doi.org/10.1021/ja504473e
http://dx.doi.org/10.1016/j.physb.2019.411924
http://dx.doi.org/10.1016/j.mtcomm.2020.101459
http://dx.doi.org/10.1016/j.surfin.2019.100394
http://dx.doi.org/10.18637/jss.v049.i03
http://dx.doi.org/10.1021/cs500372v
http://dx.doi.org/10.1016/j.apcatb.2014.08.027
http://dx.doi.org/10.1002/cssc.201000416
http://dx.doi.org/10.1039/b811946e
http://www.ncbi.nlm.nih.gov/pubmed/19209365
http://dx.doi.org/10.1016/0022-3697(80)90105-5
http://dx.doi.org/10.1016/j.electacta.2018.02.030
http://dx.doi.org/10.1002/smll.202100320
http://dx.doi.org/10.1021/acs.jpcc.1c02964
http://dx.doi.org/10.1016/j.jallcom.2018.07.315
http://dx.doi.org/10.1149/1.2131535
http://dx.doi.org/10.1039/c4ta00729h
http://dx.doi.org/10.1039/c2nr30862b
http://dx.doi.org/10.1021/ed084p685
http://dx.doi.org/10.1016/j.ijhydene.2011.05.046
http://dx.doi.org/10.1002/adfm.201500383
http://dx.doi.org/10.1002/cssc.201300571


Nanomaterials 2022, 12, 366 18 of 18

43. Barroso, M.; Mesa, C.A.; Pendlebury, S.R.; Cowan, A.J.; Hisatomi, T.; Sivula, K.; Grätzel, M.; Klug, D.R.; Durrant, J.R. Dynamics of
photogenerated holes in surface modified α-Fe2O3 photoanodes for solar water splitting. Proc. Natl. Acad. Sci. USA 2012, 109,
15640–15645. [CrossRef]

44. Sorenson, S.; Driscoll, E.; Haghighat, S.; Dawlaty, J.M. Ultrafast carrier dynamics in hematite films: The role of photoexcited
electrons in the transient optical response. J. Phys. Chem. C 2014, 118, 23621–23626. [CrossRef]

45. Cherepy, N.J.; Liston, D.B.; Lovejoy, J.A.; Deng, H.; Zhang, J.Z. Ultrafast studies of photoexcited electron dynamics in α-Fe2O3
semiconductor nanoparticles. J. Phys. Chem. B 1998, 102, 770–776. [CrossRef]

46. Tamirat, A.G.; Rick, J.; Dubale, A.A.; Su, W.N.; Hwang, B.J. Using hematite for photoelectrochemical water splitting: A review of
current progress and challenges. Nanoscale Horizons 2016, 1, 243–267. [CrossRef] [PubMed]

47. Leygraf, C.; Hendewerk, M.; Somorjai, G. The preparation and selected properties of Mg-doped p-type iron oxide as a photocath-
ode for the photoelectrolysis of water using visible light. J. Solid State Chem. 1983, 48, 357–367. [CrossRef]

48. Fan, H.M.; You, G.J.; Li, Y.; Zheng, Z.; Tan, H.R.; Shen, Z.X.; Tang, S.H.; Feng, Y.P. Shape-controlled synthesis of single-crystalline
α-Fe2O3 hollow nanocrystals and their tunable optical properties. J. Phys. Chem. C 2009, 113, 9928–9935. [CrossRef]

http://dx.doi.org/10.1073/pnas.1118326109
http://dx.doi.org/10.1021/jp508273f
http://dx.doi.org/10.1021/jp973149e
http://dx.doi.org/10.1039/C5NH00098J
http://www.ncbi.nlm.nih.gov/pubmed/32260645
http://dx.doi.org/10.1016/0022-4596(83)90093-2
http://dx.doi.org/10.1021/jp9020883

	Introduction
	Experimental Details
	Results and Discussion
	X-ray Diffraction
	Morphology of Hematite Nanoparticles
	Optical Properties
	Photocurrent Density Measurements
	Electrochemical Impedance Measurements
	Ultrafast Transient Absorption Spectroscopy
	Global Analysis

	Conclusions
	References

