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Abstract

Here, thin films of porous Mn-a-Fe>O3/CuO/Ag were prepared; engaging solely low-cost solution-
based methods. The dip-coating of CuO on electrodeposited Mn-a-Fe>O3 samples using a 180-
day-old Cu-based precursor produced films with inhomogeneous morphology and shallow surface
pores. This morphology provided the platform for the drop-casting of Ag nanoparticles on the
film’s surface to form porous Mn-a-Fe;O3/CuO/Ag heterostructures. EDS, XRD, and Raman
spectroscopy studies affirmed the film’s structural integrity. The bandgap estimated for the Mn-a-
Fe203/CuO/Ag samples was 3.8 % less than the values deduced for Mn-a-Fe2Os films. Mott-
Schottky analysis disclosed n-type semiconducting behaviour for the Mn-a-Fe2Oz films, which
was retained after forming heterostructures with CuO and CuO/Ag. The charge transfer resistance

at Mn-a-Fe2O3/CuO/Ag film’s surface in an electrochemical system was 27 times lower than the
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approximate values obtained for Mn-a-Fe2.O3z samples. This research introduces a facile and low-
cost approach for fabricating porous Mn-a-Fe2O3/CuO/Ag heterostructures with improved

properties for photo-base and optoelectronic applications.

Keywords: a-Fe»Oz-based heterostructures, Thin films, Solution-based methods, Microstructure,

Optical properties, Impedance studies.

1.1 Introduction

Hematite (a-Fe20z3) is the most popular crystal phase of the oxides of iron (Fe): the fourth most
abundant element in the earth’s crust [1]. o-Fe2Osz is an n-type semiconductor that is
thermodynamically stable, non-toxic, abundant, easy and cheap to process, and has a bandgap of
~2.0 eV [2, 3]. These properties make hematite attractive for application in the areas of corrosion
control [4], medicine [5], and other optoelectronic applications such as gas sensing [6],
photoelectrocatalysis [7], and photovoltaic [8] among others. However, the limitations of a-Fe2O3
in many photo-based and optoelectronic applications include its poor conductivity, poor charge
transfer kinetics, short diffusion length, and inefficient charge separation [9, 10]. Many concepts
have been engaged towards enhancing the intrinsic properties of hematite and mitigating
hematite’s limitations in many applications. These concepts include doping [11], nanostructuring

[12], heterojunction formation [13], and surface modification [14].

Many of the concepts employed in mitigating the challenges of using hematite in many
applications contribute in one or more ways toward promoting its properties for improved
performance. Doping of a-Fe.O3z with materials such as Mn [11], Sn [15], and Ti [16] have been
widely employed to improve its conductivity and performance in many applications. Mn-doping
of hydrothermally fabricated a-Fe.O3z photoanodes has been reported to enhance its conductivity,
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resulting in a 75% improvement in photocurrent at 1.23 V vs. reversible H; electrode (RHE) when
applied in photoelectrocatalysis [11]. Nanostructuring of a-Fe,O3-based materials has promoted
charge separation on their surfaces, especially in photo-based and optoelectronics applications.
The shape of nanostructured a-Fe>Os materials such as nanoparticles [17], nanoflowers [12], and
nanorods [18], have been shown to have played a key role in improving the separation of charge
carriers in catalytic applications. The fabrication of a heterojunction structure of a-Fe2O3z with
other semiconductor materials such as TiO2 [19], CuO [20], and ZnO [13] has been fabricated
largely to limit charge recombination and promote its separation in various applications. Mei et al.
2022, constructed a a-Fe>03/TiO2 sensor that exhibited a promising ethanol selectivity, achieving
a large response of 40.4 toward 500 ppm ethanol [19]. Also, surface modification of hematite with
plasmonic metals such as Au, Ag, and Cu has been used to boost the performance of a-Fe2Os3-
based materials in many photo-based applications by maximizing the effects of localized surface
plasmon resonance (LSPR) [21, 22]. These concepts can each address specific aspects of
hematite’s limitations for improved device performance in many applications. However, a synergy
can be attained by systematically engaging the different concepts, to harness their advantages
through the fabrication of heterostructures to enhance material properties for various applications.
For example, a photocurrent density of 4.68 A/cm2 at 1.23 V vs. RHE (reversible H; electrode)
has been attained by a-Fe,Oz/Au/Co-Pi heterostructured photoanodes, which is among the best

values reported for a-Fe2Os-base materials in photoelectrocatlytic water splitting [23].

Nanostructured heterostructures of hematite-based materials can be fabricated using various
methods, including solution-based methods [24-27], resistive evaporation, magnetron sputtering,

and chemical vapor deposition, among other techniques [28]. Solution-based methods such as



electrodeposition, dip-coating, drop-casting, and spray pyrolysis are easy and low-cost routes for
fabricating nanostructured materials [29, 30]. The drop-casting technique is widely employed for
the deposition of plasmonic metals on heterostructured materials [31-33]. However, the deposition
of metal nanoparticles with porous surfaces using this technique is challenging because of the high
reduction potential of the precursors [34] and the tendency to form compact and aggregated
particles [35]. The fabrication of porous surfaces of hematite-based heterostructures provides a
larger surface area that promotes charge carriers’ separation and device performance in many
photo-based [36] and gas sensing [35] applications. This is in addition to an in-built electric field
that could be created at the junction between the semiconducting materials of the heterostructure,
which can further boost charge transport and separation. So, developing systematic low-cost
synthesis strategies for fabricating porous a-Fe>Os-based heterostructures will advance their

application in many fields.

In this research, concepts, such as nanostructuring, doping, heterojunction formation, and
plasmonic enhancement for boosting materials properties in many applications were employed in
developing Mn-a-Fe20s/CuO/Ag heterostructures, using facile solution-based methods.
Microstructural, optical, and impedance studies were conducted on the heterostructured materials
to obtain fundamental insight into their properties. This work provides a facile and low-cost route
for fabricating porous Mn-a-Fe2O3/CuO/Ag heterostructures with suitable properties for

application in photoelectrocatalysis, photovoltaic, gas sensing, and other optoelectronic systems.

1.2 Experimental

1.2.1 Preparation of Mn- a-Fe203



The electrolyte solution engaged in a previous study to produce a-Fe;Os films via the
electrodeposition method [37] was modified with PEG to act as a capping agent and Mn ion doping
source. The modified solution was engaged to fabricate Mn-doped a-Fe>O3 films on cleaned FTO
substrates. The FTO substrates were cleaned using the procedure described in a previous project
[38]. In brief, an electrolyte made of 5 mM FeClsz + 0.1 M KCI + 5 mM KF + 1 M H20: dissolved
in deionized (DI) water was modified with 10% PEG and 3% of MnCl..4H,O by percentage
molarity of FeCls. The resulting solution served as the electrolyte for the electrodeposition of Mn-
a-Fe>Ozfilms in a standard three-electrode electrochemical system. The fabricated films, a 2x2 cm
mesh of platinum and Ag/AgCI (silver/silver chloride) immersed in 3 M KCI served as the
working, counter, and reference electrodes respectively. The distance between the working and
counter electrode was 1.2 cm. A VersaSTAT 3F potentiostat was used for the electrodeposition
process and the cyclic voltammetry method was engaged within the potential window of -0.5 and
0.5 V vs Ag/AgCl and 60 deposition cycles. This resulted in the deposition of Mn-modified iron
oxyhydrate (FeOOH) films on FTO, which were cleaned with DI water to remove possible residual
materials. The films were heated to 550 °C in a furnace at a heating rate of 10°C/min, sintered for
2 hr at that temperature, and left to cool to 25 °C to get Mn-doped a-Fe20s films. Fig. 1(a) presents
a schematic diagram that illustrates the fabrication process of Mn-doped a-Fe;Os films. For
comparative and detailed analytical purposes, pristine hematite films were prepared following the

same process as Mn-doped samples, except that the Mn ion source was not added to the electrolyte.
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Fig. 1. Schematic summary of the preparation process of (a) Mn-a-Fe>Oz films on FTO, (b) CuO

FeCl;-based electrolyte
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on Mn-a-Fe203 to form Mn-a-Fe203/CuO, and (c) AgNPs on Mn-a-Fe>O3/CuO to obtain Mn-a-

Fe>03/CuO/Ag heterostructures.

1.2.2 Preparation of Mn-a-Fe203/CuO

CuO films were deposited on the Mn-a-Fe.O3 samples using an aged Cu-based precursor, in a
solution-based dip-coating process, and treated using a three-step heating approach. This was in
line with a similar approach introduced in our previous study [39]. Briefly, 27 ml of propan-2-ol
was used to dissolve 1.36 g of copper acetate and stirred for 1 hr at 25 °C. After that, 1.5 ml of
diethanolamine was added dropwise into the mixture and stirred for 1hr. Subsequently, 1.5 ml of
PEG 400 was added to the solution and stirred for another 1 h. The obtained mixture was aged for
180 days and engaged as the precursor for the fabrication of CuO films on Mn-a-Fe.O3 samples
via the dip-coating process. The dip-coating process was conducted with a PTL-MMO1 dip-coater
at 150 mm/min withdrawal velocity. The dip-coated samples were dried at 110 °C for 10 min, then

heated to 280 °C and treated at that temperature for 5 min. The dip-coating and drying process was



repeated for a second time to achieve 2 layers of the films. The deposited films were then calcined
at 600 °C for 1 hr in air, and left to cool to 25 °C to obtain crystallized Mn-a-Fe>O3/CuO films.
Fig. 1(b) gives a schematic illustration of the fabrication process of CuO films on Mn-doped a-
Fe>O3 samples. For comparison and detailed analytical studies, pristine CuO films made of 2
layers were deposited on FTO substrates, following the same procedure used to prepare the

samples on Mn-a-Fe20a.

1.2.3 Preparation of Mn- a-Fe203/CuO/Ag

Ag NPs were deposited on Mn-a-Fe203/CuO samples using the drop-casting method. First, 50 ml
of 1 mM of Silver Nitrate (AgNO3) was prepared in di-ionized (DI) water under vigorous stirring,
at room temperature. The gradual addition of 1 mM trisodium citrate (NazCsHs07) into the solution
was done while stirring. Lastly, 1.5 ml of aqueous solution of 40 mM Sodium Borohydride
(NaBH4) was added to the solution, which immediately turned yellow. The heat treatment of the
mixture was then done at 100 °C for 30 min to obtain a solution of Ag NPs which was used for the
drop-casting of Ag on Mn-a-Fe>O3/CuO samples [40]. For the deposition of the metallic Ag, 150
pL of the Ag NPs solution was deposited dropwise on the Mn-a-Fe2O3/CuO films in a drop-casting
method and allowed to dry at 100 °C for 15 min. The drop-casting process was repeated once to
increase the Ag NPs loading on the samples. The samples were further treated in a furnace at 300
°C for 10 mins under an inert atmosphere of N2 gas to obtain Mn-a-Fe>O3/CuO/Ag samples. Fig.
1(c) shows a summary of the drop-casting process for the deposition of Ag NPs on Mn-a-
Fe203/CuO in a schematic diagram. The same process was engaged to deposit Ag NPs on

FTO/CuO samples for comparison and detailed analytical purposes.

1.2.4 Samples characterization



Using the Ultrafast 540 equipment, field emission gun scanning electron microscopy (FEG-SEM)
analysis was conducted on the fabricated o-FeO3-based samples to examine their surface and
cross-sectional morphologies. The FEG-SEM apparatus was attached to an EDS setup, which was
used to perform elemental composition mapping and point measurements on the sample’s surfaces.
A Bruker D2 PHASER-e diffractometer with Cu-Ka radiation of 0.15418 nm wavelength was
engaged to perform XRD measurements on the fabricated samples to gain insight into their
structural characteristics. The prepared samples were further analysed using the Raman
spectroscopy technique via a WiTec alpha300 RAS+ Confocal Raman Microscope with a 532 nm
laser at 5 mW. The optical characteristics of the fabricated o-Fe,Os-based samples were

investigated using an Agilent CARY 60 UV-Vis (Ultraviolet-Visible) spectrometer.

1.2.5 Electrochemical impedance measurements

Impedance measurements, including Mott-Schottky (M-S) and electrochemical impedance
spectroscopy (EIS), were performed on the Mn-a-Fe2O3, Mn-a-Fe>03/CuO, Mn-a-Fe,03/CuO/Ag
samples using the VersaSTAT 3F potentiostat from Princeton Applied Research. The electrolyte
used for the measurements was 1 M NaOH, and a 22 cm platinum mesh, Ag/AgCl in a 3M solution,
and the prepared films were engaged as the counter, reference, and working electrodes
respectively. The M-S measurements were done in dark conditions at 1000 Hz and 10 mV AC
potential amplitude in a DC potential window of -1.1 t0 0.6 V vs. Ag/AgCl. The EIS measurements
were also conducted on the working electrodes in dark conditions at 0.4 V vs Ag/AgCl, a frequency
range of 10000 to 0.1 Hz, and a 10 mV AC potential amplitude. The data collected from the raw
EIS measurements were fitted to a modeled equivalent circuit using the EIS Spectrum Analyser
software. The reference potentials against Ag/AgCl were converted to the reversible hydrogen

electrode (RHE) using the Nernst equation given in previous work [41].



1.3 Results and Discussion
1.3.1 Surface morphology

The surface microstructures of the a-Fe2Os-based films were investigated to study the surface
properties of the heterostructured materials. The surface micrographs of the samples are shown in
Fig. 2(a), (b), (c), and (d) for pristine o-Fe,O3, Mn-doped o-Fe 03, a-Fe203/CuO, and a-
Fe>O3/CuO/Ag films respectively. The histogram of the particle size distribution used to
approximate the mean value of the film’s particles is given in the insets of the micrographs for
each of the sample’s surface images, respectively. All the fabricated composite materials that
formed the heterostructure disclosed spherical nanoparticles with some particle agglomeration.
The morphology of the pristine a-Fe2Oz films was not affected by Mn-doping as both samples
reveal slightly agglomerated spherical nanoparticles. However, the estimated mean particle size of
the a-Fe2O3 films reduces by 20.0% after Mn-doping, yielding a value of 26.0 nm with a standard
deviation (SD) of 5.1. The reduction in particle size shows that Mn-doping has an inhibiting impact
on the particle’s growth and the nucleation of hematite, which is similar to previous observations
[42, 43]. The deposition of CuO on the Mn-a-FeOz samples using the 180-day-old aged precursors
produced shallow pores on the film’s surface consisting of nanoparticles with a mean size of 25.2
nm and SD value of 6.4. The precursor aging led to the replacement of the acetate in the initial
solution containing Cu-acetate with the more elongated ligands of diethanolamine. The elongated
ligands formed in the aged precursor induced the porosity observed on the surface of the a-
Fe>03/CuO heterostructures, similar to previous reports [39, 44]. An additional explanation of the
ligand transformation process is given in section 1.3.3. The pores on the surface of the Mn-a-
Fe203/CuO films provided the platform for the growth of porous AgNPs. The pores on the

heterostructure’s surface were significantly sustained after its surface modification with Ag NPs.



The Ag NPs revealed some agglomeration at the film’s surface with an approximate mean particle
size of 20.5 nm and SD value of 5.5. For reference purposes, a wider view of the surface
micrographs of the fabricated samples obtained at lower magnifications is disclosed in Fig. S1(a)

- (d) of the supplementary document.
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Fig. 2. The SEM micrographs of (a) pristine a-Fe203, (b) Mn-doped a-Fe20s3, (¢) a-Fe203/Cu0,

and (d) a-Fe203/CuO/Ag films.

To further prove that the pores on the surface of a-Fe2O3/CuQ provided the platform for the growth

of porous Ag NPs on the film’s surface, the SEM images of CuO prepared using a 1-day-old Cu-
acetate precursor, CuO-1d, and CuO-1d/Ag NPs is presented in Fig. S2. The CuO-1d and CuO-

1d/Ag NPs disclosed compact nanoparticles with no pores on the surfaces of both films. This
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affirms that the pores on the surface of the CuO films prepared using the 180-day-old Cu-based

precursor catalyzed the formation of porous a-Fe2O3/CuO/Ag.

The porous surface obtained for the samples is desired for many photo-based and optoelectronic
applications. However, the high particle aggregates observed on the sample’s surface can
negatively impact charge transport and separation in many applications. So, it will be beneficial to
devise means of limiting the aggregation of the nanoparticles. The Ag NPs can boost the
performance of the heterostructure in many fields by taking advantage of its plasmonic effects.
Since Ag is a plasmonic metal, it can form LSPR at the surface of the heterostructures and promote
its performance in many applications such as gas sensing, photoelectrocatalysis, and photovoltaics
through the injection of hot-electrons, enhanced scattering of light, and resonant energy transfer

[22].

The SEM image of the cross-section of the Mn-a-Fe.O3/CuO/Ag sample is presented in Fig. 3.
The image was analyzed using the ImageJ tool to evaluate the thickness of each of the layers of
the deposited films. Film thicknesses of 330 + 40, 153 + 30, and 86 + 18 nm were deduced for the
Mn-a-Fe203, CuO, and Ag layers of the heterostructure respectively. The total thickness of 569 +
42 nm deduced for the heterostructure will be suitable for its application in photo-based systems
such as photoelectrocatalysis. This is because a-Fe;O3 needs films with thickness of about 400-
500 nm for sufficient photon absorption due to its low absorption coefficient [45]. For other
optoelectronic applications, the thickness of the different layers of the heterostructure will need to
be appropriately optimized. A clear distinction is visible between the Mn-a-Fe>O3 and CuO layers
of the heterostructure, which suggests the creation of a p-n heterojunction between them. The p-n

junction created can result in the development of an in-built electric field at the interface between
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the materials, which will help boost charge transport in many electronic and photo-based

applications [46].

-
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Fig. 3. SEM cross-sectional morphology of Mn-a-Fe203/CuO/Ag.

EDS mapping was conducted on the surface of Mn-a-Fe>03/CuO and Mn-a-Fe203/CuO/Ag films
to evaluate the various compositional elements that are part of the heterostructure and the maps
obtained are displayed in Fig. 4(a) and (b) respectively. The mapping done on a-Fe2O3/CuO
samples affirms the presence of Fe, O, Cu, Mn, and Sn, which are uniformly distributed across the
film’s surface. The O content observed results from the various composites of metal oxides in the
heterostructure. The Fe and Cu constituents detected resulted from the content of a-Fe-Oz and CuO
of the composite materials, while the presence of Mn provides evidence of Mn-doping of a-Fe20s.
The dark regions on the EDS map of the films are the shallow areas formed by the inducement of
porosity on the film’s surface that resulted from the deposition of CuO on Mn-a-Fe20s. The EDS

mapping performed on Mn-a-Fe2O3/CuO/Ag samples also detected all the elements observed for
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Mn-a-Fe203/CuO and the presence of Ag, which is expected after the deposition of Ag NPs on the
films. The presence of unwanted materials was not detected in the EDS mapping, which indicates
good purity of the fabricated heterostructures. To further confirm the purity of the heterostructures,
EDS point analysis was performed on Mn-a-Fe,O3/CuO/Ag sample, and the result is presented in
Fig. 4(c). The result affirmed all the constituent elements observed in the EDS mapping of the

sample and no impurities were detected.
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Fig. 4. The EDS maps of (a) Mn-a-Fe203/CuO and (b) Mn-a-Fe;O3/CuO/Ag films while (c) shows

the point analysis for Mn-a-Fe.O3/CuO/Ag heterostructure.

1.3.2 Structural studies
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XRD analysis was conducted on the fabricated samples to gain insight into the structural
characteristics of the films. Fig. 5 displays the XRD patterns for Mn-a-Fe2O3, Mn-a-Fe,03/CuO,
and Mn-a-Fe,03/CuO/Ag samples. The pattern observed for the Mn-a-Fe2O3z films produced XRD
peaks at (104) and (110) planes, which affirm the rhombohedral structure for crystallized a-Fe2O3,
having lattice parameters of a = b = 5.032, ¢ = 13.733; and R3c space group. Other weak XRD
peaks were seen at (012), (113), (024), (168), (018), (214), and (310) planes for the Mn-a-Fe;03
samples, which is attributed to those of a-Fe2Oz in line with the JCPDS file no. 33-0664. The
diffraction pattern of Mn-a-Fe,O3/CuO disclosed additional peaks at (111) and (111) planes which
are ascribed to the monoclinic crystal structure of CuO with lattice indices of a=4.64 A, b =3.4
A, c=5.09 A, B=99.5° based on the JCPDS file number 05-0661. The peak at the (111) plane
observed in the heterostructure for CuO overlapped with that of (110) of a-Fe;Os. This is more
visible in the XRD pattern of the pristine CuO films given in Fig. S3 of the supplementary data.
For Mn-a-Fe203/CuO/Ag films, the pattern disclosed more peaks at 2 theta values of 44.3, 64.4,
and 77.3° corresponding to the (200), (220), and (311) planes respectively. These correlate to the
peaks for the crystalline face-centered, cubic structure of Ag, according to the JCPDS file number
04-0783, and are similar to the peaks observed for AgNPs in a previous study [47]. An expanded
view of the XRD pattern of Mn-a-Fe.O3/CuO/Ag heterostructure, given in Fig. S4 shows clearly
the observed peaks for AgNPs. A popular XRD peak for AgNPs; the (111) plane at 2 theta value
of about 38.1° was not visible because it overlaps with one of the prominent peaks of FTO at that
position. The peaks for the oxides of Fe, Cu, and Ag were not detected in all the XRD results,

confirming the good purity of the fabricated Mn-a-Fe>O3/CuO/Ag heterostructures.
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Fig. 5. The XRD patterns for Mn-a-Fe;O3, Mn-a-Fe203/CuO, and Mn-a-Fe203/CuO/Ag samples.

Fig. S3 of the supplementary data compares the XRD pattern for CuO, a-Fe203, and Mn-a-Fe2Oa.
The peaks at (111) and (111) planes are more visible in the XRD pattern of the pristine CuO films.
In the XRD pattern, the same peaks observed for the pristine a-Fe2O3 were also detected for the
Mn-doped samples, as expected. However, the peak positions shifted to smaller 2 theta values for
the Mn-a-Fe>Os samples relative to the observed peaks for the pristine films, with the (104) and
(110) planes shifting by 0.263 and 0.264° respectively. This was caused by an increase in the lattice
volume of the Mn-doped samples because Mn?* has a greater atomic radius (r = 0.083 nm) [48]
than F3* (r = 0.064 nm) [49]. Comparable observations have been reported for a-Fe,O3 samples
doped with In®*" [50] and Cu?* [49]. The peak positions of a-Fe,Oj3 in the XRD patterns of Mn-a-

Fe203, Mn-a-Fe>03/CuO, and Mn-a-Fe>O3/CuO/Ag did not yield any noticeable shift (Fig. 5),
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which suggest that no unintentional doping of Mn-a-Fe>O3 by Cu occurs at the annealing stage

during the fabrication of Mn-a-Fe;O3/CuO films.

The crystal size (D) of the different materials that made up the heterostructure was evaluated using

the popular Debye Scherer approximation defined by Equation 1:

kA
b= ‘BcosO (l)

Where the wavelength, A, is 0.15418 nm, B denotes the full width at half maximum (FWHM), and
0 denotes the diffraction angle. The crystal planes at (110) were used to evaluate the D values for
a-Fe,03 and Mn- a-Fe;O3 while the ones at (111) and (200) were used to estimate the crystallite
sizes of CuO and AgNPs respectively. Also, using Williamson and Smallman’s approximation,
the microstrain (¢) and dislocation density () of the samples were evaluated [51]. The results
obtained are given in Table S1 of the supplementary document. Crystallite sizes of 27.9 and 25.7
nm were calculated for a-Fe;Os and Mn-a-Fe2O3 films respectively. The decreased D value
observed for Mn-a-Fe,Os was caused by the difference in the ionic radius of Mn?* and Fe®**, which
limits the crystallization of the doped samples [52]. A similar drop in crystallization has been
reported for Cu-doped B-Ga203 [53] and Al-doped ZnO [52]. The crystallite sizes evaluated for
CuO films and AgNPs are 20.5 and 18.7 nm respectively. The crystal size values of nanomaterials
can play critical roles in different applications. In phototoelectrocatalysis, enhanced crystallization
is desired for improved material conductivity and charge separation [54], while smaller crystallites
increase grain boundaries and are more beneficial in gas-sensing applications [55]. Therefore, this
property can be tailored to suit the application of the heterostructure in different fields. The
microstrain of the a-Fe2O3 films became larger by 8.1% after Mn-doping due to the replacement

of Fe®" with Mn?*. Similarly, the D values increase for the a-Fe;O3 films by 17.1% after Mn-
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doping. This is because of the enhancement in lattice disorder that results from Mn?* substitution
of Fe3*. The e and ( values evaluated for the CuO and Ag films were significantly higher than the

ones approximated for both the pristine and Mn-doped a-Fe>O3 samples.

For more insight into the structural properties of the heterostructures, Raman spectroscopy studies
were done and the results are displayed in Fig. 6 for CuO/Ag, Mn-a-Fe;03, Mn-a-Fe>03/Cu0, and
Mn-a-Fe,03/CuO/Ag samples. The Raman spectra of CuO/Ag yielded peaks for two By and one
Ay vibrational phonon modes of CuO [56]. It also produced a peak at 238 cm™ which is ascribed
to the vibrational mode of Ag-O bond stretching [47]. The Raman spectra of Mn-a-Fe2O3
disclosed the two A1q and five Eg phonon modes of a-Fe2Os. The spectra of Mn-a-Fe2O3/Cu0O, and
Mn-a-Fe,03/CuO/Ag films revealed more Raman peaks for the Bg and Ag vibrational modes of
CuO. The Raman peak for Ag at 238 cm™ could not be visible in the spectra of the heterostructures
because it overlaps with the peak of the first E; mode observed for Mn-a-Fe2Os. The
heterostructures did not produce any Raman peak shifts relative to the ones observed for the Mn-
o-Fe203 samples, suggesting that no further doping of a-Fe,Oz by Cu?* occurred during sample
preparation. The peaks observed for the a-Fe;Os-based heterostructures at 557 cm™ are regarded
as the LO (longitudinal optical) Eu modes of a-Fe20s, which are infrared active and often activated
by occurrences of local disorder and strain within the a-Fe2Os lattice [57]. The intensity of the LO
mode peaks appeared to be significant in the Mn-a-Fe2O3 films and the fabricated heterostructures
due to the Mn-doping of a-Fe.Oz which promoted lattice disorder. No additional Raman peaks
were observed for any undesired oxides of Fe, Mn, Cu, or Ag, indicating good quality for the

prepared heterostructures.

17



200 300 400 500 600 700
d ] b ] v T ¥ T T

6000 |- to Mn-o-Fe;03/CuO/Ag

I By

4000 | : , Eg / 4
WITHE Aq Eo/lo -
2000 - /N /1L Pg g

. —— Mn-a-Fe,03/Cu0

y (fl.u.)

780

3900
2600
1300

Raman Intensit

1300
1170

1040

910

200 300 400 500 600 700

Raman Shift (cm'1)

Fig. 6. The Raman spectra of CuO/Ag, Mn-a-Fe203, Mn-a-Fe,03/CuO, and Mn-a-Fe,O3/CuO/Ag

films.

1.3.3 Optical characteristics

UV-vis spectroscopy studies were conducted on the fabricated samples to obtain their optical
absorption patterns and deduce their approximate direct and indirect bandgaps. The absorption
pattern of Mn-a-Fe203, Mn-a-Fe;O3/CuO, and Mn-a-Fe203/CuO/Ag are displayed in Fig. 7(a).
The absorption spectra of the films produced an absorption onset that ranges from 606 to 617 nm

with Mn-a-Fe;O3 yielding the minimum value. The fabrication of Mn-a-Fe,O3/CuO and Mn-a-
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Fe203/CuO/Ag heterostructures boosted the photon absorption of Mn-a-Fe2O3 films, increasing
its onset absorption by 1.0 and 1.8% respectively. The enhanced light absorption observed for Mn-
a-Fe>03/CuO was promoted by the inhomogeneous morphology and the pores on the surface of
the samples that boosted light scattering, elongating the travel path of photons [58]. The deposition
of AgNPs on the heterostructure further improved photon absorption through the plasmon
resonance effects [22]. The film’s absorption spectra disclosed absorption transition peaks at 319,
390, and 546 nm wavelengths. The peak at 319 nm is ascribed to the transitions that arise due to
the charge transfer from O% to Fe®*. This depicts the charge transfer between the non-bonding
orbitals and the lowest empty orbital [59]. The peaks at 546 and 390 nm relate to the transition
ligand fields ®A; —“E1, A1, associated with a single Fe®* cation and the transitions that occur during

double exciton processes between Fe** — Fe3* ion pairs respectively [60].

The precursor aging of Cu acetate-based precursor induced the formation of the observed porous
surfaces of Mn-a-Fe;O3/CuO and Mn-a-Fe203/CuO/Ag heterostructures which consequently
contributed to the reduced bandgap deduced for the samples. The aging of the precursor led to a
gradual replacement of the acetate ligand ions in the solution with diethanolamine in a slow
complexation reaction. A detailed UV-Vis investigation of the initial and aged Cu-based
precursors presented in our previous work affirms the creation of bis-(diethanolamine) copper (1)
complex in the 180-day-old solution [39]. The diethanolamine complex is a more elongated ligand
compared to its acetate counterpart. The longer diethanolamine ligand in the precursor induced
the formation of the large pores observed on the surface of Mn-a-Fe2O3/CuO samples and

consequently on Mn-a-Fe2O3/CuO/Ag, similar to previous reports [44, 61].
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Fig. 7. The (a) UV-Vis absorption pattern, (b) indirect bandgap, and (c) direct bandgap of the

fabricated Mn-a-Fe>O3 and heterostructured samples, respectively.

Furthermore, the indirect and direct bandgap of the fabricated samples were calculated using the

widely engaged Tauc approximation defined by Equation 2

ahv = A(hv — E,)° )

where h denotes the Planck constant, v is light’s frequency, A is a constant, E, represents the band
gap, and s is a constant which can be 2 for allowed indirect transitions, and 1/2 for direct transitions
[62, 63]. The Tauc plots for the indirect and direct optical bandgaps approximation of the films are
given in Fig. 7(b) and (c) respectively. The indirect bandgap deduced for Mn-a-Fe203, Mn-a-

Fe>03/CuO, and Mn-a-Fe203/CuO/Ag were 2.13, 2.10, and 2.05 respectively. The absorption
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onset’s red-shifted for the heterostructures relative to Mn-a-Fe2O3 films due to improved photon
absorption and led to the reduced bandgap values evaluated for the samples. Similarly, the
approximated direct bandgaps yielded lower values of 2.67 and 2.61 eV for Mn-a-Fe.O3/CuQ, and
Mn-a-Fe2,03/CuO/Ag while Mn-a-Fe>Oz yielded 2.70 eV. For many photo-based applications, the
decreased bandgap observed for the heterostructures is advantageous as it promotes photon
utilization within the visible spectrum, improving the photogeneration of charge carriers and

device efficiency [64].
1.3.4 Impedance Studies

Impedance studies were conducted to evaluate some electrical properties of the fabricated
materials. The electronic properties of the materials can be obtained by investigating the
capacitance of the space charge region, C, in an electrolyte as a function of potential, under the
depletion condition. The Mott-Schottky measurements were used for this analysis to obtain the
electronic properties of the materials such as the flat band potential Vi, and their donor density,
Np. The results obtained from the measurements are shown in the MS plots in Fig. 8. The plots
show a positive slope for the Mn-a-Fe;O3 samples, affirming the n-type semiconducting behaviour
of the films. The heterostructures of Mn-a-Fe.O3 with CuO and CuO/AgNPs also show a positive
slope for the MS plots. This indicates that Mn-a-Fe2O3 films retained their n-type semiconducting
properties after forming heterostructures with CuO and CuO/AgNPs. This further affirms the
successful fabrication of the heterojunction structures since CuO is a p-type material. The MS

formula used to evaluate the Vs and Np of the materials from the plots is given in Equation 3:

1 2 KT
€2 t,8eAZNp V =V = T) )
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Where the capacitance of the space charge layer is given as C, A is the electrode’s surface area,
the dielectric constant is denoted as € and is about 80 for a-Fe2Os, the vacuum permittivity is
represented by €, e denotes the electronic charge, V represents the applied potential, K denotes
the Boltzmann constant, and T symbolizes the temperature [65]. The first linear portions of the
MS plots were fitted and the intercepts of the fitting on the V-axis were used to deduce the Vs, of

the electrodes in line with Equation 3. Also, the Np of the materials was evaluated using Equation

4:

2

T Eofea? [S77] “)

Np

Where S represents the slope of the MS plot.
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Fig. 8. MS plots for the fabricated Mn-a-Fe203, Mn-a-Fe203/CuO, and Mn-a-Fe203/CuO/Ag

films.
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The flatband potential evaluated for the Mn-a-Fe2O3 films was 0.364 V vs. RHE and more positive
potentials were obtained for the heterostructures, yielding values of 0.565 and 0.552 V vs. RHE
for Mn-a-Fe203/Cu0, and Mn-a-Fe203/CuO/Ag electrodes. The positive shift in the Vi, values of
the heterostructures relative to the estimated value for Mn-a-Fe>O3 was due to the equilibration of
the fermi levels of Mn-a-Fe;O3 and CuO after the heterojunction formation. The Fermi level of
CuO is more positive than that of Mn-a-Fe>Os. So the development of a heterojunction between
these materials will cause the fermi level of the composites to equilibrate and shift to a more
positive value relative to that of Mn-a-Fe;O3 [66]. Comparable observations have been reported
for other heterostructured materials [66, 67]. Meanwhile, the Vi, value of Mn-a-Fe;O3/CuO/Ag
slightly shifted to more negative potential by 13 mV relative to the value evaluated for Mn-a-
Fe>O3/CuQ. This implies an improvement in charge separation, resulting from the effects of
plasmon resonance associated with the Ag NPs on the film’s surface [68]. For the heterostructures,
despite the positive shift in Vi, values, the in-built field that will be created at the junction between
Mn-a-Fe2O3 and CuO will promote the injection of charge carriers to the surface of the films and
their separation [46, 68]. This will be suitable for many photo-based applications such as photo-

degradation [69], photo-detection [70], and photoelectrocatalysis [68].

The donor density, Np, estimated for the Mn-a-Fe2O3 samples was 7.0 x 10*® cm™. The Np
increases to 7.3 and 9.6 x 101° cm™ for Mn-a-Fe203s/CuO and Mn-a-Fe,O3/CuO/Ag electrodes
respectively. The enhanced donor densities observed for the heterostructures were largely
attributed to the reduction in the recombination of charge carriers because of the in-built field
created at the junction between the semiconducting materials [71]. Comparable observations
where an increase in the Np values of heterojunction materials have been reported in previous

studies [46, 72]. The modification of Mn-a-Fe2O3/CuO with AgNPs further boosted the Np value
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by a factor of about 1.3 due to a further decrease in the recombination of charge carriers arising
from the plasmonic effects of the metal NPs. Shinde et al. 2024, reported a similar observation for
a ZnO/CuO/Au NPs heterostructure [68]. An increase in the donor density of the composite
materials will provide more electrons in their conduction band. This will improve the conductivity
of the films, increasing charge carriers’ mobility and transport, which are also desired properties

for many photo-based applications.

EIS studies were done to evaluate the charge transport dynamics in the buck and at the surface of
the electrodes. The Nyquist plots of the Mn-a-Fe2O3 and heterostructures obtained from the EIS
measurements are displayed in Fig. 9 (a). The equivalent circuit model used to fit the measured
EIS data is shown in the inset of Fig. 9 (a). The circuit consists of a series resistance, Rs, constant
phase elements, CPE-1 and CPE-2 to denote the non-ideal capacitance in the bulk and surface of
the films respectively. Rbk represents the resistance of the trap states in the bulk of the electrodes
and Rct denotes the resistance to charge transfer at the surface of the films. The values obtained
for the elements, CPE-1 and -2, which represents the non-ideal capacitance of the materials were

used to evaluate the actual capacitance, C, of the samples using Equation 5 [73]:

C = Ql/n % R(l—n)/n (5)

Where the resistance connected in parallel to the respective CPE elements is denoted by, R, the
effective coefficient of the CPE elements is represented by, Q, and n denotes their exponent values
which could range from 0-1. The symbols C1 and C2 depict the actual capacitance values
calculated for the CPE-1 and CPE-2 elements, respectively. All the values obtained for the
modeled circuit elements used to fit the EIS data and the parameters evaluated from them are

presented in Table 1.
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Fig. 9. (a) Nyquist plot of Mn-a-Fe2O3, Mn-a-Fe>03/CuO, and Mn-a-Fe203/CuO/Ag films with
the inset disclosing the modeled equivalent circuit used in fitting the raw EIS data: (b) and (c)

presents the Bode plots of log |Z| vs. log frequency (Log F) and phase vs. Log F for the samples

respectively.

Table 1. Evaluated values for the circuit elements used to model the EIS data obtained for the

prepared Mn-a-Fe203, Mn-a-Fe;O3/CuQ, and Mn-a-Fe2O3/CuO/Ag electrodes.

Sample Rs CPE-1 Cl Rbk CPE-2 C2  Rct
@ T nl  (MF) k) T n2 (MmF) (kQ)
(mF) (mF)
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Mn-a-Fe203 9.76  0.058 0.85 004 179 012 093 015 1951
Mn-a-Fe,03/CuO 8.56 0.139 0.81 009 09 021 078 0.26 10.10

Mn-a-Fe,O3/CuO/Ag  9.92  0.210 0.75 012 083 040 076 055 7.00

The resistance, Rs, produces comparable values for all the electrodes in the range of 8.56 - 9.92 Q
as anticipated. This is because Rs is the series combination of the ionic resistance in the electrolyte,
the resistance at the FTO contact, and the resistance in the external wires, which are similar for all
the samples. The resistance of the trap states in the bulk of the Mn-a-Fe,O3/CuO electrodes
significantly reduces by 46.9 % after the deposition of CuO films. This was caused by the in-built
electric field formed at the interface of the junction between the two semiconductors, which
boosted the mobility and transport of charge carriers [46]. The Rbk further drops by 6.7 % upon
modification with plasmonic Ag NPs. The capacitance, C1, in the bulk of the electrodes, increased
for the heterostructures by more than twice the value attained by Mn-a-Fe>O3. The capacitance of
the surface states, C2, was enhanced by 73.0 % and 260 % for Mn-a-Fe>O3/CuO and Mn-a-
Fe203/CuO/Ag films respectively, when compared to the value deduced for Mn-a-Fe>O3 samples.
The resistance to the transfer of charges at the film’s surface, Rct, observed for Mn-a-Fe203/CuO
and Mn-a-Fe,O3/CuO/Ag heterostructures was over 19 and 27 times lower than the value obtained
for Mn-a-Fe2O3 films, respectively. The in-built electric field between the two semiconductors
boosted charge mobility and injection to the material’s surface, which enhanced the
electromagnetic field around the charges, increasing the capacitance in the bulk and surface of the
films, while lowering the Rct values [74]. More so, for Mn-a-Fe>O3/CuO/Ag electrodes, the
plasmonic effects of AgNPs further improved its impedance response and produced the least Rct

value. The improved impedance response observed for the heterostructures will be relevant in
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many photo-based applications such as photodetection, photovoltaic, and photoelectrocatalysis,

which require reduced recombination of charge carriers and improved charge transport properties.

Bode plots extracted from the EIS data were further analysed to extract complementary
information on the impedance response of the Mn-a-Fe>Os and heterostructured samples. The plots
of log |Z| vs. Log F and phase vs. Log F are disclosed in Fig. 9 (b) and (c) for the fabricated
materials, respectively. The smallest log |Z| magnitude value, 3.6 Q, was attained by Mn-a-
Fe203/CuO/Ag electrodes followed by Mn-a-Fe203/CuOQ. This is an indication of a decrease in the
resistance to charge transfer at the electrode/liquid junction of the heterostructures. Similarly, the
phase vs. Log |Z| plots produced the least negative phase angle for the Mn-a-Fe;O3s/CuO/Ag
electrode, with Mn-a-Fe203 yielding the maximum value. A reduced negative phase angle value
implies an improvement in the mobility of charge carriers and effective separation of charges
around the electrode/liquid region [75]. These observations agree well with the analysis of the
Nyquist plots of the samples and further affirm the improved impedance response of the

heterostructured materials.

1.4 Conclusions

This project presents a porous Mn-a-Fe,O3/CuO/Ag heterostructure, fabricated using facile and
cost-effective solution-based methods. The microstructural and optical properties of the
heterostructures were investigated, and their impedance response was studied in an
electrochemical system. The Mn-doped o-Fe.O3 films were deposited on FTO substrates in an
electrodeposition process using an aqueous solution containing FeClz, MnCl,.4H-0, and 10% PEG
as the electrolyte. Subsequently, CuO films with large shallow pores were deposited on the Mn-a-

Fe20s films in a facile dip-coating process, followed by surface modification with Ag NPs via a
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simple drop-casting approach to obtain porous Mn-a-Fe,O3/CuO/Ag heterostructures. FESEM
studies disclosed spherical nanoparticles with varying levels of particle agglomeration for the
fabricated composite materials that formed the heterostructure. Shallow pores were observed on
the surface of the deposited CuO on Mn-a-Fe2Oz3 samples, induced by the aging of the Cu-based
precursor used for the film’s deposition. The porosity of Mn-a-Fe;O3/CuO films was further
sustained after surface modification with Ag NPs. EDS studies affirm the presence of all the
constituent elements that make up the heterostructure, while XRD and Raman spectroscopy
investigations confirmed the structural integrity of the materials. The indirect and direct bandgaps
estimated for the Mn-a-Fe>O3/CuO/Ag heterostructures are 2.05 and 2.61 eV, which are 3.8 and
2.5% less than the values deduced for the Mn-a-Fe2Oz films, respectively. Mott-Schottky analysis
showed an n-type semiconducting property for the Mn-a-Fe>O3 samples, which was retained after
forming heterostructures with CuO and CuO/AgNPs. The charge transfer resistance at the surfaces
of Mn-a-Fe203/CuO and Mn-a-Fe.03/CuO/Ag heterostructures in an electrochemical system was
over 19 and 27 times lower than the estimated value obtained for Mn-a-Fe2Oz films. This work
showcases facile and low-cost solution-based techniques for fabricating porous Mn-a-
Fe>O3/CuO/Ag heterostructures with suitable properties for photo-based and optoelectronic

applications.
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