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In this study, a highly scalable approach to fabricating NiSe,:a-Fe2O3 heterojunction thin film in the absence of a
dehydration step or lattice parameter matching was established. The attachment of NiSe, to a-FeoO3 leads to an
82% and 97% decrease in charge transfer resistance (with and without illumination respectively) compared to
pristine a-Fe3O3. The magnitude of the open circuit potential increased from approximately -0.30 V to -0.42 V vs
Ag/AgCl, providing a stronger electric field for charge carrier separation. Charge transfer efficiency was calcu-
lated by using a ratio of charge carriers removed and those produced in the bulk. Scanning electron microscopy

coupled with the electrodeposition current-time transients study proved that the attachment process involved the
progressive nucleation of NiSey and the simultaneous cathodic reduction of «-FeOs.

1. Introduction

Hematite (Fe,O3) has long been considered a promising material for
solar powered water splitting due to its stability, abundance, suitable
band gap (2.0 — 2.2 eV); and its band positioning makes it an ideal
photoanode [1-3]. The material, however, is limited in application due
to its poor conductivity, short carrier lifetime, short hole diffusion
length, and poor charge mobility [4,5]. Many strategies have been
employed to improve the performance of hematite-based photocatalysts
including adding co-catalysts [6,5], metal dopants [7,6], as well as
inorganic [8] and organic [9] semiconductors. As a result of the ongoing
research into hematite-based materials, these materials have been able
to reach photocurrents as high as 4.6 mA/cm? at 1.23 V vs reversible
hydrogen electrode and a solar to hydrogen conversion efficiency of
4.8% when used in tandem with a perovskite solar cell [4]. However,
this improvement is still not efficient enough to be commercially
feasible.

A possible strategy is combining hematite with metal selenides (MS).
MS can have excellent photocatalytic properties [10,11] and many are
p-type with optimal band gaps for water splitting as depicted in Fig. 1
[12-14]. To date, there is a scarcity in the literature that focuses on
selenide attachment to hematite. One such work considered the
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attachment of PbSe quantum dots to hematite nanowires [15]. The
dehydration of the hematite enabled PbSe nucleation onto the hematite
surface. The inherently small percent mismatch of epitaxial supercell
parameters allowed the two crystal faces to join seamlessly.

Electrodeposition is a highly scalable technique that allows for the
rapid synthesis of nanomaterials. However, A major challenge for the
electrodeposition of MS is the application of a negative potential to the
hematite. The Fe3" in hematite is in its highest oxidation state and is
vulnerable to reduction reactions as shown by the Pourbaix diagram in
Fig. 2 [16]. Literature concerned with preventing the cathodic reduction
of a-Fey03 is scarce because more common goals are to prevent oxida-
tion [17], or even promote the reduction [18,19], with effort to combat
corrosion. Various studies found that the electrical reduction of a-Fe;03
can be promoted by high solution temperature [18,19], introduction of
reducing gasses such as Hy or CO [19] applied potentials of greater than
1.4 V (cathodic) [18], and use of a highly alkaline environment [18,20],
Contradictory to the literature, this study showed that the integrity of
the o-FepO3 layer under negative potential can be maintained by
avoiding the aforementioned conditions.

The charge transfer resistance is usually associated with the inverse
of the electrochemical reaction rate, such that a lower value is desirable
[21,22]. It has been reported that the doping of hematite with precious
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Fig. 1. Band positions for hematite and some complementary p-type
metal selenides.
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Fig. 2. Pourbaix diagram for the Iron-water system at [Fe] = 10~ M/kg.

metals such as germanium reduces the charge transfer resistance [4].
This work intends to achieve the same result with readily available
materials coupled with a facile synthesis procedure to allow for rapid
scalability. It has also been proven that an increase in the magnitude of
the open circuit potential (OCP) is indicative of superior water splitting
capabilities [23].

Herein, we report the synthesis of a a-Fe303:NiSe thin film electrode
using electrodeposition without the requirement of a dehydration step
or crystal lattice parameter matching. Removing the dehydration step
would ultimately result in a less energy intensive process and reduce
capital costs as no vacuum is required. It must be noted that the study
aims to explore the photoelectronic properties of the developed material
rather than reporting on the photocatalytic properties. The developed
method is highly scalable and opens the possibility of exploring many
more combinations of metal oxides and MS materials.

2. Experimental procedure
2.1. Materials

All materials were used without further purification. HCl solution
(37%), HNOs solution (70%), Acetone (95%), and Ethanol (95%) were
obtained from Kimix, South Africa. Fluoride-doped tin oxide (FTO) glass
(100 mm x 100 mm x 2.2 mm thick, resistivity ~ 7 Q/sq), FeClz anhy-
drous (97%), NaNOs3 (99%), NiCly-6H20 (98%), Selenium powder (100-
mesh, 99.5+%), LiCl (98%), HNO3 solution (68%) were obtained from
Merck, South Africa.
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2.2. Materials and methods

2.2.1. SeO, preparation

The SeO; powder used in synthesis was prepared by combining 10 g
of Selenium powder in 250 mL of 68% HNOs. The solution was trans-
ferred to a round bottom flask and placed on a heating mantle to boil for
3 h under vigorous stirring. Under these conditions, large amounts of NO
gas were produced and safely vented. The excess solution was allowed to
evaporate leaving behind SeOs crystals which were collected and stored
in the dark.

2.2.2. FTO glass and a-Fe;03/FTO preparation

The FTO glass (15 slides) was cut into rectangular slides of 20 mm x
30 mm x 2 mm and placed upright in glass vials. All the samples were
initially subject to hydrothermal treatment of an FTO glass slide in a
glass vial with a plastic top. Each FTO glass slide was placed into a 20 ml
glass vial and the vials were filled to the brim with a solution containing
10% dish soap and 90% de-ionised water by volume. A separate beaker
containing the plastic tops was also filled with dish soap solution to
cover the plastic tops. This beaker and the vials were sonicated for 30
min. After sonication the vials with slides and the beaker were emptied
and rinsed with de-ionised water. The previous step was then repeated
using a 50/50% v/v mixture of ethanol and acetone. The previous step
was then repeated with de-ionised water. The de-ionised water was
poured out. The vials with the slides and the beaker containing the
plastic tops were dried in a convection oven at 40 °C for 3 h. Once
completely dry the plastic tops were placed on the vials containing the
glass slides.

Thereafter, a solution of 15 mM FeCl3 and 67.5 mM NaNOj3 was
prepared in 100 mL de-ionised water under constant stirring for 5 min.
The solution was topped-up with de-ionised water to 150 mL and stirred
again. Of this solution, 7 mL was transferred into each of the FTO-
containing glass vials and capped. The vials were placed in a convec-
tion oven at 80 °C for 4 h, forming p-FeOOH nanorods. The slides were
removed and rinsed with de-ionised water before being dried at 40 °C for
1 h in a convection oven. The slides were then calcined at 700 °C for 32
min in a muffle furnace to convert the p-FeOOH to a-Feo0s3.

2.2.3. NiSey:a-Fe;03 synthesis

The electrodeposition solution was prepared by adding 19.5 mM
NiCly, 0.3 mM SeO,, and 60 mM LiCl to 300 mL de-ionised water at room
temperature under constant stirring. The a-FeoO3 slides were rinsed with
acetone and placed upright in 20 mL of the electrodeposition solution.
These slides were connected to a potentiostat as the working electrode,
with an Ag/AgCl reference electrode and a carbon rod counter electrode.
The electrodeposition was performed via linear sweep voltammetry in a
potential window of 0 V to —0.464 V vs Ag/AgCl at a 10 mV/s scan rate
and then maintaining an applied potential of —0.464 V for 90 s. These
slides were then rinsed with de-ionised water, dried at 80 °C for an h,
and annealed at 200 °C for 45 min in a furnace. A fresh electrodeposition
solution was used for successive deposition samples. 0

2.2.4. Physical characterization

The crystal structures were identified using grazing incidence X-ray
diffraction (XRD, PANalytical X’Pert PROPW3040/60). The XRD pat-
terns were obtained in the 2-theta range of 20-80 °, the instrument was
fitted with a Cu-Ka radiation source at wavelength of 0.154 at a tube
voltage of 45 kV and 40 mA current with step size of 0.02 °/s. To analyze
the sample surfaces X-ray photoelectron spectroscopy (XPS) measure-
ments were made using a Thermo-ESCAlab 250Xi with monochromatic
Al Ko source at 1486.6 eV, 300 W powerina 1 x 1076 Pa, X-ray spot size
of 900 pm, energy of 100 eV, and no sputtering was done. The binding
energy scale is calibrated by manufacturer and is checked after routine
maintenance by analysing a pure Cu sample. The binding energy scale of
the group of spectra collected was not reference. For XPS peak area
measurement and peak fitting, a Shirley background was used. The XPS
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Fig. 4. XRD patterns for a-Fe,O3 (Red) and NiSe;:a-Fe;O3 (Black) where facets are identified for SnO: (black), a-Fe;O3 (red), and NiSe, (green).
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Table 1
XPS data of a-Fe,O3 with depictions for Fe 2p and O 1 s scans.
o-Fe,05 Fe2ps,/» Fe2py
Fe Multiplets Surface Satellite Multiplets Satellite
Peak/eV 709.4 710.4 711.4 712.0 713.6 717.8 723.3 725.2 732.8
FWHM/eV 0.43 0.67 0.71 0.98 1.65 2.22 1.27 1.50 1.70
a-Fe;03 -> O
O1s (Metal Oxide) O1s (C—0) Ols (C=0)
Peak/eV 529.6 531.2 532.8
FWHM/eV 1.3 1.6 1.7
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Fig. 6. High resolution XPS of a-Fe,03:NiSe with depictions of (a) Fe, (b) Se, (c) Ni, and (d) O 1 s scans.

peak shapes were constrained to a Lorentzian/Gaussian of 30% mix
ratio. Visual analyses of the sample surface as well as layer thickness
were determined using a Zeiss Auriga field emission scanning electron
microscope (SEM) operated at 5 kV. The cross-section SEM was used to
determine active layer thickness in nm and these values were used in
Hall Effect measurements conducted using an Ecopia HMS-3000
measuring system at 300 K, 500 pA and 0.55 T. This test provided the
majority charge carrier concentration as well as charge mobility. The UV
reflectance of the samples was performed using a Cary 5000 UV-Vis-NIR
spectrophotometer equipped with an integrating sphere scanning from
200 to 2500 nm.

2.2.5. Photoelectrochemical characterization

The photoelectrochemical characterization was performed using an
Autolab PGSTAT302N potentiostat. A three-electrode setup was imple-
mented using a platinum wire counter electrode (Metrohm,
Switzerland), 1 M KCl Ag/AgCl reference electrode (Metrohm,

Switzerland), and the as-prepared materials as the working electrode.
The cell containing an optical glass cube was covered with a solid
covering to restrict ambient light interference. The cell contained a high-
density polyethylene lid with sockets for electrodes and an opening on
the side to allow in light from a solar simulator at 100 mW/cm?. A 0.1 M
NaOH electrolyte was used throughout. Electrochemical impedance
spectroscopy (EIS) measurements were performed from 100,000 to 0.1
Hz using an AC voltage with an amplitude of 10 mV to determine charge
transfer kinetics. EIS measurements were both performed in dark and
solar simulated light conditions. The synthesis and testing procedures
are depicted in Fig. 3.
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Table 2

XPS data of a-Fe,03:NiSe with depictions for Fe, Ni, Se, and O scans.
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«o-Fep03:NiSe -> Fe

Fe2ps /o Fe2py/»
Fe Multiplets Surface Satellite Multiplets Satellite
Peak/eV 710.9 711.9 713.0 714.0 715.0 718.2 724.1 726.0 733.6
FWHM/eV 0.43 0.67 0.71 0.98 1.65 2.22 1.27 1.50 1.70
o-Fe,03:NiSe -> Ni

Ni%* 2ps/5 Ni®t 2ps/n Ni 2ps» Satellite Ni%t 2p, /5 Ni** 2py /5 Ni 2p; » Satellite
Peak/eV 852.9 855.4 860.7 870.3 873.2 877.7
FWHM/eV 0.6 1.2 2.5 0.6 1.7 3.1
a-Fe;03:NiSe -> Se and Fe3p

Se3ds,> Se3ds,» Fe3p3/2 Fe3pl/2
Peak/eV 54.4 55.4 58.1 58.8
FWHM/eV 1.8 2.2 21 2.2
a-Fe;03:NiSe -> O
O1s (Metal Oxide) 0O1s (C—0) Ols (C=0)

Peak/eV 529.7 530.8 532.7
FWHM/eV 1.1 1.8 1.5
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Fig. 7. SEM images of (a) Cross section of a-Fe;O3 (b) Cross section of a-Fe,O3:NiSe, (¢) Top view of a-Fe,O3 and (d) Top view of a-Fe;03:NiSes.

3. Results and discussion
3.1. Physical characterization

3.1.1. X-ray diffraction

The XRD patterns for both showed clear peaks for SnO, [24,25], and
a-FepO3 [26,27] facets as seen in Fig. 4, providing evidence for the
presence of these two materials. After electrodeposition, the
NiSes:a-FeaO3 XRD presented a new diffraction peak at 30.1 ° 26, a small
peak at approximately 37 ° 20, a small peak between the (210) peak of
SnO, and (20-22) peak of a-Fep;O3 and a peak could be seen on the
shoulder of the (220) peak of SnOy at approximately 55.5 ° 26. The

electrodeposition solution used would allow for the formation of Se (0),
Ni (0), NiSe, NisSez and NiSey. The XRD patterns fit matches the NiSe,
peaks [28-33], confirming the addition of NiSey. It is worth noting that
the XRD patterns for SnO,, a-Fe,O3, Se, Ni, NiSe, Ni3Sey, and NiSep were
adopted from previously calculated values by the Material Projects [24,
26,28-32].

3.1.2. X-ray photoelectron spectroscopy

XPS allowed for the surface characterization of the material and the
results are presented in Fig. 5 (a-b), and Table 1. As shown in Fig. 5(a),
the pristine a-Fe2O3 scan for Fe 2p3/5 and Fe 2p; /» revealed the complex
hematite XPS signature which authors have found to include a pre-peak,
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Fig. 9. Tauc plots for (a) a-Fe,O3 and (b) a-Fe,O3:NiSes.

4 multiplet splits of the Fe 2p3,, peak, a Fe 2p3,, surface peak, a Fe 2p3 /5
satellite peak, 2 multiplet splits of the Fe 2p;», a surface Fe 2p,, peak,
as well as a satellite Fe 2p;/» peak, but not all of these, are always
present [34-37]. The multiplet splitting is due to the effects of the core
and valence open shell electrons angular momentum coupling, the
ligand field splitting of the valence shell orbitals, and the degree of co-
valent mixing of the O (2p) electrons with the Fe (3d) electrons [38]. In
the pristine hematite sample, all these peaks were present with the
notable exception of the Fe 2p;/, surface peak, indicating a change to
the surface of the sample which isn’t seen in the consulted literature. The
O 1 s spectra was fitted using three components corresponding to Fe-O
binding energy within a-Fe;Os. The peak positions and full width half
maximum (FWHM) are presented in Table 1.

The XPS surface characterization of the NiSej:a-FeyO3 sample is
presented in Fig. 6 (a-d) and Table 2. The Fe 2p3,, and Fe 2p; /5 scans for
the NiSe-treated hematite sample revealed some differences in the Iron
surface content of the sample. Notably, the peaks are shifted to higher
binding energies, ranging from a 0.4 eV shift in the Fe 2ps/, satellite
peak to 2.0 eV in the 4th Fe 2p3,» multiplet. This may indicate that Iron
at the surface of the NiSej:a-Fe;O3 sample has had its immediate
chemical environment changed, and is often associated with an increase
in oxidation state [39,40]. It seems unlikely that this would be the cause
as the electrodeposition process should cathodically reduce the Iron
oxide towards lower oxidation state products such as Fe3O4 or Fe(OH),,
hence the change is more likely due to the presence of NiSe bonding onto

the a-FeyO3 and altering its local environment. Furthermore, the Fe
2p3,/2 surface peak was reduced in size following electrodeposition but
not entirely removed, suggesting to co-existence of NiSe; and Fe on the
material surface. In addition, the Ni 2P spectra in Fig. 6(c) suggest the
existence of Ni-Se and Ni-O bonds suggesting the electrodeposition of
the NiSey [41]. Furthermore, the existence NiSey is supported by the XPS
spectra of Se 2P in Fig. 6(b). The corresponding peak positions and full
width half maximum (FWHM) suggesting the formation of the com-
posite are presented in Table 2.

3.1.3. Scanning electron microscopy

SEM was employed to further characterize the surface morphology
and overall thickness of the samples. The results are presented in Fig. 7
(a-d). The thickness of the active layer on the FTO was approximately
300 nm for the a-Fe,O3 sample Fig. 7(a) and approximately 218 nm for
the a-FeyO3:NiSep sample Fig. 7(b). This decrease in layer thickness
suggests that the a-Fe,Oj3 is reduced via cathodic reduction before or
during the addition of NiSey. The surface of the samples, Fig. 7 (c-d),
depict a rod-like morphology for a-Fe;Os with and without a-NiSey,
where the a-FeyO3 sample has long, thin rods and the a-FepO3:NiSes
sample has shorter, wider rods. This evidence points to the deposition
process involving the cathodic reduction of a-Fe;O3 rods followed by the
deposition of NiSe; onto these stunted rods, widening them. The reason
for the reaction changing midway is believed to be as a result of the
initial reduction of a-Fe;Og creating a high concentration of aqueous
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Table 3
Fitted equivalent circuit parameters.

o-Fey03 o-Fe,03 o-Fe,03: o-Fe,03:
(dark) (light) NiSe, (dark) NiSe, (light)
Charge transfer 172,607 1182 5346 208
resistance, R¢; (Q)
Double layer 2.35 x 2.19 x 9.23x10®  1.85x107*
capacitance, Cq; 107° 1074

(F)

Iron species near the surface making the reduction reaction unfavorable.

3.1.4. Electrodeposition nucleation and growth regime analysis

To study the stepwise electrodeposition, the current-time transients
for the electrodeposition process were examined. This procedure
involved characterizing the growth of nuclei as instantaneous or pro-
gressive where the current is highest at t = tpay and current I = Ijax

[42]. In some electrodeposition experiments such as the one described in
this work, the current measured begins at a high point before dropping
to its minimum, t = 0, before progressing through its maximum. In these
cases, the lowest point is re-labelled as t = 0 and I = 0 [43]. The
instantaneous nucleation model depicts the formation of many nuclei
initially and the further growth of new material occurring only on these
nuclei. The progressive nucleation model depicts the constant formation
of new nuclei as the material grows. The two models are graphed by the
following equations:

Instantaneous nucleation : (/L)

1.9542
o, e [ 1.2564(thna)]}> (1)
Progressive nucleation : (/L)
1.2254
= B [ 23367 (e) Y] @

t/tyax

The current-time transients were collected during the 90 s deposition
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time for several samples. The minimum point for each curve was marked
with a red pointer as seen in Fig. 8(a) which provided thet =0 and I =
0 points for modeling seen in Fig. 8 (b). From this, it was clear that the
nucleation and growth regime of NiSe, fitted the progressive model
more closely than the instantaneous model. This coupled with the SEM
results, provides convincing evidence that the electrodeposition occurs
by initial stripping of the hematite followed by ongoing nucleation of
NiSe; nanoparticles, resulting in the textured surface and reduced film
thickness.

3.1.5. Hall effect measurements

The Hall Effect measurements allowed for the charge carriers con-
centration and mobility to be ascertained. The dominant charge carriers
for both samples were electrons and the concentration of each was
measured to be 2.009 x 102! cm ™2 for a-Fe,03 and 9.574 x 10%° cm™3
for a-Fe;03:NiSey, only 47.7% of the pristine hematite sample. This may
be due to the introduction of electron holes provided by the NiSe,. The
mobility of the carriers was found to be 12.71 cm?V~!s™! for the a-Fe,03
sample and 37.45 em?V s for the a-Fe,03:NiSey, an improvement of
294.6%. This is believed to be due to the greater conductivity [44]
provided by NiSes.
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3.1.6. UV/vis spectroscopy

For the optical characterization, UV/vis spectroscopy was used to
determine the size of the band gap for both samples by measuring the
reflectance over a wide range of light intensities. The reflectance values
were converted to absorbance via the Kubelka-Munk function [45].
These absorbance values were then used to construct Tauc plots where
the y-axis was set to (hva)?. The Tauc plots presented in Fig. 9 (a-b) are
very similar in shape up to a photon energy of 3.5 eV. In this region both
samples produce two clear linear ranges which correspond to 2.1 eV and
2.3 eV for a-Fey03:NiSes, Fig. 9(a) and 2.1 eV and 2.4 eV for a-Feo03,
Fig. 9(b). These results are close to the range of band gaps for a-Fe;O3
which have been reported to be between 1.9 and 2.2 eV,[46,14], and can
be attributed to hematite. The reason for the existence of 2 linear ranges
is attributed defects in hematite which narrow the bandgap,[47,48], and
these defects may arise from the naturally occurring mixture of Fe2* and
Fe3+present in hematite. Above 3.5 eV the Tauc plot for a-Fep;03:NiSe;
depicts an increase in the absorption which is not seen in the a-FeyO3
sample. This roughly linear region produces a tentative band gap value
of 1.8 eV, which is likely due to the addition of NiSey. Although there are
few reports covering the optical characteristics of this material, one
group has measured it to be approximately 1.65 Ev [49].

3.2. Photoelectronic characterization

3.2.1. Electrochemical impedance spectroscopy measurements

The findings from EIS measurements were interpreted by graphing
Nyquist plots and were fitted using the software MEISP [50]. The
a-Fey0O3 sample was fitted using an equivalent circuit comprised of an
RC parallel in series with a diffusion element specifically modeled for
cylinders [51] due to the cylindrical nature of the nanorods. As per the
SEM images, the a-Fe;O3:NiSe; sample does not present with a cylin-
drical morphology and as such the equivalent circuit used was fitted via
a general boundary unit diffusion parameter [52]. These circuits are
presented with the fitted Nyquist plots in Fig. 10 (a-d). The a-FeyOs:
NiSey sample had a greatly reduced (97% decrease) charge transfer
resistance under no illumination and 82% decrease in the light as
compared to the a-FepO3 sample. The full results of the circuit fittings
are listed in Table 3.

3.2.2. Open circuit potential

The OCP and its change with light intensity were evaluated under
illumination from a 7 W, 470 nm blue LED light source. The light in-
tensity was steadily increased and allowed to stabilize after each in-
cremental ramp which is depicted in Fig. 11. Each step change
corresponded to an increase in light intensity. Every 20 s the light in-
tensity was increased by increasing the driving voltage to the LED which
caused a near-instant step change. The measurement was allowed to
reach a steady state before taking the OCP value. For example, the first
20 s were in dark conditions and after the first exposure to light, the OCP
reading was taken at 39 s, just before the next step increased.

The OCP measurements are shown in Fig. 12. From this, it is clear
that the a-Fep03:NiSe; produced a stronger potential as compared to the
a-FepO3 sample. This can be attributed to an increased carrier concen-
tration or a higher current produced as a result of illumination [53]. As
per Fig. 12, the electric field is seen to increase with OCP and so an
increased OCP can produce a stronger electric field for charge separation
and transport [23]. The a-Fe;03 showed minuscule changes over a 500
W/m? light intensity. In contrast, the OCP for the a-Fe;03:NiSey sample
continues to increase well beyond this point. This suggests that the MS
junction effectively collects charge carriers as a result of the intrinsically
larger diffusion lengths and charge carrier lifetimes.

3.2.3. Transient photocurrent

To further elucidate the charge transport, build-up, and recombina-
tion within the samples, transient photocurrent studies were performed
on samples through intermittent illumination whilst measuring the



E. Visser et al.

(a)

model
=(0.631-0.041-0.152)/0.0631
=0.68

o
(=]
T

0.631

o
o
T

o
N
T

Current (mA/cmz)

o
o
T

(mA/cmz)
o
(4]
T

-0.2

g
=}
L)
_
0
2

o-Fe,0 dark

g —(!.-F8203 light
— a-Fe20;:NiSe, dark

-
(4
T

——a-Fe,04:NiSe, light

-
o
T

e
o

o
=)

Current (mA/cmz)

1 i

1.6

1 1 1 1
0.6 0.8 1.0 1.2 14
Potential applied (V vs RHE)

04

Thin Solid Films 774 (2023) 139837

Mim odel
=(1.47-0.203-1.05)/1.47
=0.15

t 00}

o

E

3

Q.05

-1.0 | -1.05
1 1 M 1 1 1 A 1 i 1
0.0 0.2 04 0.6 0.8 1.0 1.2

Time (s)
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output photocurrent. Each recorded photocurrent transient was fitted
using a bi-phasic or tri-phasic exponential equation presented by Eq. (3):

I= A (1— ™) +A (1— ™) +45(1— ™) 3

Where k is decay rate, t is time and A is fit coefficients. The positive
terms (Eq. (3)) represent the bulk charge carrier generation and the
negative terms depict the charge carrier recombination at the surface.
Upon illumination, a sharp spike in current is observed as a result of
surface reactions with the photogenerated charge carriers. This is fol-
lowed by a decrease in current density which is ascribed to the diffusion
of new reactants. Based on this a modeled efficiency, #,,,4; Was deter-
mined for each sample based on its fit coefficients (A-values). #,,,4, de-
scribes the ratio of charge carriers removed and those produced in the
bulk. This was done to evaluate the efficiency of charge transfer. A
higher 7,4, value means a more efficient response to light resulting in
higher photocurrent. The tri-phasic fit for the a-Fe,O3 and a-FepO3:NiSey
sample upon illumination was:

1=0631(1—¢""") —0.152(1 —¢ ") = 0.049(1 — ¢ >%) )

1=147(1—e**) —1.05(1—¢ ) —0.203(1 —e**) 5)

The experimental results as well as 7,,,4,; calculation are presented in
Fig. 13 (a-b). It can be seen from Fig. 13 that a-Fe;O3 produces higher
photocurrent compared to o-FepO3:NiSep thus having a higher 7,4,
This was further confirmed via LSV studies shown in Fig. 13(c). Inter-
estingly, the a-FepO3 sample produced the weakest opec circuit potential
(OCP) despite producing higher photocurrent compared to a-FeyOs:

Nisep. This suggests that the a-FepO3:NiSey sample stores the most
charge carriers and generates the strongest electric field of the 2 samples
but once the circuit is closed, these carriers are either not produced very
fast or not transferred very fast, hindering photocurrent as described by
the #,,,4¢ efficiency and LSV data.

4. Conclusion

In this work, we report the synthesis of a a-FeyO3:NiSey thin film
electrode via electrodeposition in the absence of a dehydration step or
lattice parameter matching. The prepared samples optical and photo-
electronic properties were greatly improved over their pristine a-Fe;O3
counterpart. The developed material demonstrated a highly reduced
charge transfer resistance in light and dark conditions as well as pro-
ducing a higher OCP and charge career mobility. Transient photocurrent
measurements were employed to establish the efficiency of charge
transfer and the relationship between charge transfer kinetics and film
thickness was hypothesized based on the results. This method bares the
potential to be highly scalable and offers the possibility of exploring
many more combinations of a-Fe;O3 and metal selenide materials.
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