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Abstract
Hereinwe report on the effect of varied spin-coated seed layer concentrations of Iron (III) chloride
hexahydrate (FeCl3.6H2O) on the photoelectrochemical performance of hydrothermally synthesized
hematite nanorods. The seed layers were prepared from0.05, 0.07, 0.09, 0.11, and 0.13M
concentrations of FeCl3.6H2O. The nanorodswere vertically alignedwith slight inclinations over the
seed layers with the two lowestmolar concentrations (0.05 and 0.07M) of FeCl3.6H2O. A further
increase in seed layer concentrations transformed the nanorods as they grew over others and
agglomerated into clusters. Structural analysis using x-ray diffraction (XRD) andRaman spectroscopy
demonstrated uniformhematite crystalline peaks for all the samples. All samples absorbed highly in
the visible regionwithin an onset absorption edgewavelength ranging from624 to 675 nm.Overall,
the nanorods synthesized over the lowest seed layer concentration of 0.05Mof FeCl3.6H2O exhibited
the highest photocurrent density of 0.077mA cm−2 at 1.5V versus reversible hydrogen electrode. The
results obtained provide important information about the structural, optical, and photoelectrochem-
ical properties of hematite nanorods synthesized over varied seed layer concentrations. This is a key
contribution in understanding and enhancing the hematite nanorods performance for photocatalytic
applications.

1. Introduction

Photoelectrochemical (PEC)water splitting is one of themethods of converting solar energy to chemical energy
in the formof hydrogen [1, 2]. The process involves irradiation of the active electrode in an aqueous electrolyte.
The photoinduced reactions that follow activate oxidation of water at the electrode-electrolyte interface and
reduction at the counter electrode, hence producing oxygen and hydrogen respectively [3]. Amajor challenge
facing this technology is the availability of an efficient photoelectrode to produce the required efficiency for
device application. Over the years,manymetal oxide semiconductors like Cuprous oxide (Cu2O) [4], titanium
dioxide (TiO2) [5], tungsten oxide (WO2) [6], and hematite (α-Fe2O3) [7] have been investigated for their
suitability in PEC applications. Among these, hematite, an n-type semiconductor, has been reported to be highly
promising due to its stability in awide pH range, earth-abundance, and a valence band edge positioning that is
thermodynamically fitting for oxygen evolution [8, 9]. Furthermore, hematite has a narrow bandgap that ranges
from1.9 to 2.2 eVwhich can absorb up to 40%of the visible light and achieve amaximum theoretical solar-to-
hydrogen (STH) conversion efficiency of 16.8% at a bandgap of∼2.0 eV [7, 10]. However, this efficiency is yet to
be realized at low bias, due to poor conductivity of hematite and small hole diffusion lengths (∼2–20 nm)
through the semiconductor-electrolyte interface [11]. Besides, the excitation lifetime for hematite is very small
(∼10 ps) [5]. These shortcomings lead to fast electron-hole recombination, ultimately affecting the hematite
PECwater oxidation potential [12]. However, studies have proved that nanostructured hematite such as
nanoparticles [13], nanosheets [14], nanospheres [15], cauliflowers [16], and nanorods (NRs) [17], show
improved performance in PEC applications. The use of these nanostructuresminimizes losses due to charge

OPEN ACCESS

RECEIVED

19November 2021

REVISED

3 January 2022

ACCEPTED FOR PUBLICATION

12 January 2022

PUBLISHED

8 February 2022

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2022TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2053-1591/ac4aa2
https://orcid.org/0000-0002-6035-6688
https://orcid.org/0000-0002-6035-6688
mailto:mmantsae.diale@up.ac.za
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ac4aa2&domain=pdf&date_stamp=2022-02-08
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ac4aa2&domain=pdf&date_stamp=2022-02-08
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


recombination in the semiconductor bulk by scaling down the diffusion depth of holes across the
semiconductormaterial [7, 18]. Additionally, nanostructured hematite increases the surface area for photon
absorption [19]. In this context, hematiteNRs have beenwidely studied as photoanodes for PECwater
splitting [20].

While nano-engineering of electrodes addresses some of the limiting factors for hematite performance, a
multifaceted approach to address the various limitations ofmaterial performance is reported to yield better
results [21]. For example, a study conducted by Sun et al used a consolidated strategy of doping, surface-etching,
and seed layering to enhance the performance of hematiteNRs [18]. In another study, Jiang et al synthesized
hematiteNRs over a TiO2 seed layer and furthermodified the surface with TiO2 treatment, and the results gave
an increased photocurrent density of 1.49mA cm−2 from0.005mA cm−2 at 1.23V versus RHEof the bareNRs
[22]. The use of seed layers is reported to enhance the redox reactions at the photoelectrodes by cutting down on
the electron back-injection at fluorine-doped tin oxide (FTO) coated glass substrate-electrolyte interface [18].
Similarly, it hampers the electron-hole recombination between the FTO and the semiconductor [23]. In
addition, seed layers under specific temperature conditions induce dopants into the semiconductor electrode,
subsequently influencing its electrical properties [24]. To this effect, Ludmilla and co-workers tripled donor
densities of ultrathin (10–15 nm) hematite films to 2×1020 cm−3 by growing themoverNb2O5 and SiO2 seed
layers [23] . Sun and co-workers also demonstrated a 110mV cathodic shift of onset potential for hematiteNRs
grownon SnO2/SiOx, andα-Fe2O3:Ti under layers [18]. However, the dynamic influence of hematite seed
layering on the structural, optical, and PECperformance of hematiteNRs has not been reported.

In this work, we report the influence of spin-coated seed layers on the structural,morphological, optical
properties, and PECperformance of hematiteNRs. The seed layers were prepared using varied FeCl3.6H2O
precursor concentrations. Thereafter, NRswere prepared over the seed layers using the conventional energy-
saving hydrothermal technique. Results indicate that the nanorod arrays synthesized over the seed layer with the
lowest precursor concentration produced the highest photocurrent density of 0.077mA cm−2 at 1.5 V versus
RHE.Notably, these results correlate well with the high donor density of the charge carriers, and the overall thin
hematite layer (337.7 nm) over the FTO substrate.

2. Experimental procedure

2.1.Materials and substrate preparation
FeCl3.6H2O, 97% and sodiumnitrate (NaNO3, 98%)were obtained fromSigmaAldrich and used as received.
Fluorine doped tin oxide (FTO) substrates were ultrasonically cleaned in ten-minute intervals using sodium
stearate (C18H35NaO2) soap solution, ethanol, and acetone. The substrates were rinsedwith deionizedwater
after each step. The cleaned FTO substrates were then dried using flowing nitrogen gas.

2.2. Synthesis of seed layers
Hematite seed layers were synthesized on FTO substrates using the spin coatingmethod as illustrated in
figure 1(a). The spin-coated layers were prepared from solutions of 0.05, 0.07, 0.09, 0.11, and 0.13M
concentrations of FeCl3.6H2Ousingmethanol as solvent. The solutionwas dropped on the substrate and spin-
coated at 3000 rpm for 30 s. The process was repeated fifteen times, to grow the desired thickness of the seed
layers, with alternate intervals of drying time in the oven at 30 °C. Thereafter, the seed layers were annealed in air
at 500 °C for 1 h and left to cool to room temperature and used for the growth of theNRs.

2.3. Synthesis of hematiteNRs
Before growing the hematiteNRs, FTO substrates nucleatedwith hematite seed layers werefirst covered at the
back (non-conducting side) and a little section of the conducting side usingKapton tape and then carefully
placed at the bottomof the Teflon container, with the seeded layers facing upwards. A 90mlTeflon container
was partially filledwith a 45ml aqueous solution of thoroughlymixed 0.15MFeCl3·6H2O and 1MNaNO3,
based on previousworks byHemin Zhang and co-workers [21]. The containerwas placed in a stainless-steel
reactor, tightly closed, and then placed in the oven as shown infigure 1(b). TheNRswere hydrothermally grown
over the hematite seed layers in a laboratory oven at 100 °C for 8 h (h) including the ramping time. After this
time-lapse, the ovenwas turned off and the autoclave was left to cool to room temperature. Yellowish layers of
iron (III) oxyhydrate (FeOOH)were formed on the substrates. The samples were washed thoroughly with
deionizedwater to get rid of extra iron salts, dried out in open air, and finally annealed through the same
conditions as the seed layers. Samples weremarked based on the technique used to synthesize the seed layer and
precursor concentrations: spin coated samples SC1 (0.05M), SC2 (0.07M), SC3 (0.09M), SC4 (0.11M), and
SC5 (0.13M) as shown infigure 1.

2

Mater. Res. Express 9 (2022) 026401 J Talibawo et al



2.4. Characterization
Analysis of the surfacemorphology of the seed layers and theNRswere done using Zeiss Ultra PLUS field
emission scanning electronmicroscope (FE-SEM) set at 1 kV. The cross-sectional FE-GEMviews of the samples
were obtained to estimate the thicknesses of the seed layers. Structural analysis of theNRswas performed using
BrukerD2 Phaser x-ray diffractometer, withCuKα radiation. The vibrationalmodes of hematite were obtained
using aWITec alpha 300RAS+confocalmicro-Ramanmicroscope (Focus Innovations, Germany)with a 532
nmgreen laser over a 150 s spectral acquisition time and laser power of 3mW.Absorptionmeasurements of
hematiteNRswere performed using anAgilent Cary-60Ultraviolet-Visible (UV–vis) spectrophotometer at
wavelengths ranging from200–800 nm.

A three-electrode electrochemical setup in a Teflon container, connected to aVersaSTAT 3F potentiostat
fromPrincetonApplied Researchworkstation equipment was used for the PEC analysis of the hematiteNRs.
The samples acted as theworking electrodes (WE) alongside a 2×2 cmplatinummesh counter electrode (CE),
and anAg/AgCl in 3MKCl reference electrode (RE)within a 1MNaOH (pHof 13.6) aqueous solution
electrolyte. An area of approximately (0.7×0.7) cm [2] of the photoanodewas irradiated by the solar simulator
(1 sun at 100mWcm−2Newport 91150V lamp). A scan rate of 0.05V s−1 was used to obtain linear sweep
voltammetry (LSV)measurements within a voltage ranged of−0.9 to 0.8Vwith andwithout the illumination of
the photoanode samples. The potential values obtainedwere then converted to RHEusing theNernst equation
(equation (1)) [15].

( ) ( )/ /= + +E E pH E0.059 1RHE Ag AgCl Ag AgCl

where ERHE is the RHEpotential, /EAg AgCl is the potential, and / =E V0.205Ag AgCl derived from experimental
results at 25 °Cversus theAg/AgCl reference electrode in the PEC cell set up. TheMott-Schottkymeasurements
were done at aDCpotential span ranging from1.2 to 0.5 V versus Ag/AgCl, in the dark, at a frequency of 10 kHz,
and anACpeak potential of 10mV. All PECmeasurements were done under the illumination of the conducting
sides of the photoanodes.

3. Results and discussion

3.1. Surfacemorphology and thickness of seed layers
The SEM images of the SC1, SC2, SC3, SC4 and SC5 spin coated hematite seed layers are shown infigure 2. The
surface images of the samples showed compact and agglomerated crystal grains of hematite nanoparticles. Based

Figure 1. Schematic illustration of (a) the synthesis of hematite seed layers over FTO substrates using 0.05, 0.07, 0.09, 0.11, and 0.13M
concentrations of FeCl3.6H2O and (b) the synthesis of hematiteNRs over all the spin-coated FTO/hematite seed layers in (a).
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on themorphology of the samples, the compact grains appeared to bemore agglomeratedwith increasing
precursor concentration.

Figure 3 shows surfacemorphologies of hematiteNRs labelled SC1, SC2, SC3, SC4, and SC5, respectively.
Vertically alignedNRswere revealed and appeared quite distinct though closely packed for samples with seed
layers of 0.05 (SC1) and 0.07M (SC2) concentrations. A further increase in seed layer concentration for the SC3
sample exhibited dispersed nanorod arrays. The SC4 sampleNRs started to coalesce and stack up over each
other, causing secondary nucleation sites for otherNRs to grow. TheNRs coalesced further into clusters with an
increase in concentration as observedwith the SC5 sample. The hematiteNRs became less distinct and vertically
alignedwith increasing seed layer concentration. This was likely due to the increased agglomeration of
nanoparticles in the seed layers, leading to a reduction in surface area for growth of the hematiteNRs. This

Figure 2. SEM images of SC1, SC2, SC3, SC4, and SC seed layers spin coated from 0.05, 0.07, 0.09, 0.11, and 0.13Mprecursor
concentrations of FeCl3.6H2O.

Figure 3. SEM images forα-Fe2O3NRs synthesized over different seed layers prepared by spin coatingmethod using 0.05, 0.07, 0.09,
0.11, and 0.13 precursor concentrations of FeCl3.6H2Opresented as SC1, SC2, SC3, SC4, and SC5 respectively.
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observation conformswith other literature wheremorphological adjustments for hematiteNRswas influenced
by themorphology of the seed layers [24].

The cross-sectionalmorphology of the seeded hematiteNRs samples shown infigure 4was used to analyze
the seed layer thicknesses across the samples with varied precursor concentrations.We observed an increase in
seed layer thicknesses ranging from155.2 to 301.3 nm as the precursor concentration increased as shown in
table 1. Furthermore, the precursor concentrations were noted to directly impact the seed layer thicknesses. The
thicknesses of the seed layers and the nanorodswere added (figure 5) to study the effect on the absorption and
the photocurrent response of the films. The total thickness of theNRs and seed layer filmswas 337.7, 586.5,
374.9, 478.1, and 447.4 nm for SC1, SC2, SC3, SC4, and SC5, respectively. Notably, hematite filmswithin a
400–500 nm thickness range have been observed to effectively absorb light for PEC applications due to its low
absorption coefficient that weakly starts around the near infrared region and suddenly increases in the visible
spectral region[25]. To this effect, the recorded overall thicknesses across different samples are around the
suitable range for effective light absorption. SC2 sample presented the largest overall thickness.We attributed
this to twomain reasons. First, the vertically alignedNRs exhibited by the SC2 samples contribute to its large film
thickness. Also, their seed layer thickness was relatively higher than the SC1 samples. However,more
investigations still need to be done for a better understanding of the high film thickness exhibited by SC2 samples
relative to others.

Figure 4.Cross-sectional SEMviews of the seeded hematiteNRs, and estimations of the seed layer thicknesses over the FTO substrates
for samples SC1, SC2, SC3, SC4, and SC5.

Table 1.Estimations of the seed layer, and total film thickness of the
samples.

NRs

Samples

Seed layer

thickness (nm)
NRs thick-

ness (nm)
Totalfilm

thickness (nm)

SC1 155.2 182.5 337.7

SC2 204.5 382.0 586.5

SC3 237.0 137.9 374.9

SC4 250.1 228.0 478.1

SC5 301.3 146.1 447.4
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3.2. Structural analysis
Figure 6 presents the XRDpattern of the spin coated hematite seed layers. Themain diffraction peaks of
hematite were observed at (104), (110), (116), and (214) planes and are indexed at 33.1°, 35.6°, 54.0°, and 62.4°,
respectively. The peaks are associatedwith hematite according to JCPDS file no. 33–0664 forα-Fe2O3 [26].
These peaks confirm a uniform crystalline phase structure and the purity of the hematite seed layers. The SnO2

peaks from the FTO substrate associatedwith the JCPDS card# 41–1445were also present and indexed at 26.6,
33.9, 38.5, 51.8, 62.6, and 65.9°, respectively [27]. They are indicated by the asterisk sign on the diffraction
pattern.

The average crystallite size (D) for the hematite seed layers was calculated using theDebye–Scherrer’s
expression (equation (2)) [28].

( )/l b q=D K cos 2

whereK is the Scherrer constant (0.9), l is thewavelength of theCuKα radiation (0.15418 nm), b is the full-
width at half-maximum (FWHM) of the preferential diffraction peak, and q the Bragg angle. The three
dominant hematite peaks at 35.6°, 54.0°, 62.4°were used in the analysis of crystallite size. The average crystal
sizes for the hematite seed layers were 9.5, 10.7, 11.1, 15.8, and 18.2 nm for SC1, SC2, SC3, SC4, and SC4 samples

Figure 5.Bar graph showing the varied seed layer thicknesses across the samples.

Figure 6.X-Ray diffraction spectra of spin-coated hematite seed layers prepared using precursor concentrations of 0.05, 0.07, 0.09,
0.11, and 0.13Mof FeCl3.6H2O. The symbol * shows the peaks of SnO2 originating fromFTO substrate.
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respectively. The crystal sizes were confirmed to increase with increasing precursor concentration. The smaller
the crystal sizes, themore the surface area that will be available for the growth of hematiteNRs. The smaller
particle sizes obtained for the seed layers of samples SC1 and SC2 provided large surface area whichmay have
supported the growth of themore vertically alignNRs observed for the films compared to others (figure 3).

Figure 7 presents XRDpatterns for the seeded hematiteNRs films annealed at 500 °C for 1 h. The peakswere
indexed in their respective 2-theta angles and confirmedwith the JCPDS file no. 33–0664 forα-Fe2O3 [26]. All
samples correspond to a rhombohedral hematite structure with key peak presentations of (104), (110), (116),
and (214) indexed at 33.1°, 35.6°, 54.0°, and 62.4° respectively. This reflects a common crystalline phase for the
hematiteNRs samples. The absence of extra peaks within the 50° to 70° 2-theta angle range further confirms the
purity of the hematiteNRs. Studies have shown that photo-enhanced charge flow in hematite is reported to be
dominant in the (110) plane [29, 30]. In this study, the preferential growth in the (110) plane ismore exhibited by
SC1 and SC4 samples relative to the other films and can influence their photocatalytic properties. The low
preferential growth in the (110) plane generally observed for the samples is attributed to the low annealing
temperature of 500 °Cwhich deterred the samples’ crystallinity [31]: an enhancement factor for charge transport
in hematite photocatalysis [29]. Intense SnO2 peaks from the FTO substrate were also observed for (110), (111),
(211), and (301) at 26.6, 38.5, 51.8°, and 65.9° respectively indexed according to JCPDS 41–1445 [32]. The
average crystallite size (D) for the as-prepared hematiteNRswas also calculated using theDebye–Scherrer’s
expression (equation (2)).

The average crystallite size values obtainedwere∼8.3, 8.2, 8.2, 8.3, and 8.3 nm for SC1, SC2, SC3, SC4, and
SC5, respectively. This result indicates that the varied seed layer concentrations had no significant effect on the
crystallite sizes of the hematiteNRs. The similar crystallite sizes obtained for the samplesmight be attributed to
the uniformprecursor concentration and annealing temperature used for the growth of theNRs. The precursor
concentration and annealing temperature are reported to impact the crystallite sizes of hematite films [28].

Raman spectroscopymeasurements confirmed the structural properties obtained from theXRD results of
the seeded hematiteNRs samples. From theRaman analysis, seven uniform lattice vibrationalmodes associated
with hematite were observed across all samples as shown infigure 8. Themodes werewell-matchedwith the
hematite active phononmodes Eg for peaks at 247, 293, 299, 412, and 613 cm

−1, whereas peaks at 225 and 490
cm−1 were assigned to the A1gmode. The longitudinal optical (LO) and 2LOpeaks at 656 cm−1 and 1313 cm−1

reveal the ferromagnetic nature of hematite [15, 33]. The Raman studies indicate that the hematite phase
remained the same through the hydrothermal process which agrees with the XRD analysis. The intensities of the
layered samples are comparably significant and increases with increasing seed layer concentrations. This is
correlatedwith the increasing overallfilm thickness of the samples since the Raman intensity increases with the
surface density of thematerial that interacts with the light [34, 35]. Similarly, the less compact and randomly
dispersedNRs presented by the SC3 samplemay have resulted in the decreased Raman intensity observed for
thefilm.

Figure 7.X-ray diffraction spectra of hematiteNRs arrays synthesized over spin-coated hematite seed layers. The symbol * shows the
peaks of SnO2 originating fromFTO substrate.
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3.3.Optical properties
The absorption properties of the hematiteNRs prepared on seed layers fromdifferent precursor concentrations
were analyzed based on results infigure 9. All the hematiteNRsfilms absorbed highly in the visible region.
However, the absorption gradually decreased as thewavelength increases and flattened out beyond 600 nm in
conformitywith reported literature [15, 36]. This syncs further with featured observations of hematite
nanostructures noted to absorbmore at wavelengths less than the red line absorption edge of∼647 nm [26, 37].
The onset photo absorptionwavelength ranged from624 to 675 nm for all samples with SC1 and SC2 having
comparably higher values. The thickness of the SC2 sample as shown in table 1 obtained fromfigure 4 is higher
than that of SC1, indicating an increase in photon penetration distance towards the back contact of the FTO
substrate. According to Beer–Lambert’s law,film absorbance improves with gain infilm thickness [38, 39].
Equation (3) shows the Beer–Lambert relation to this analysis.

( )e=A bc 3

whereA is the absorbance, ε is the absorbency index ( )a0.4343 , b is the length of the path taken by the photons
in the absorbingmaterial, and c is the concentration of the absorbermaterial [40, 41]. Considering the limiting
hole diffusion length of hematite, the photogenerated electron-hole pairs in the bulk of the filmswill likely

Figure 8.Raman spectra of theA1g and Eg vibrationalmodes of hematiteNRs prepared over varied seed layer precursor concentrations
of FeCl3.6H2O.

Figure 9.The absorbance of hematiteNRs grown on seed layerswith varied precursor concentrations.
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recombine before getting to the hematite-electrolyte interface, consequently affecting the photocurrent
produced. Therefore, whilst the sample absorption is high, the small hole diffusion depth of hematite is
anticipated to affect photocurrent generation by the photoanode. Similarly, SC5 and SC3 samples followed in
linewith absorption levels due to their overall thicknesses, in comparison to SC1. SC4 presented the lowest
absorption despite recording the second-highest overall thickness. The surfacemorphology of the hematiteNRs
likely influenced the photon absorption properties. The randomorientations of the secondaryNRs observed
over the coalescedNRsmay have limited light scattering and likely enhanced surface reflection by the SC4
samples, resulting in the low photon absorption observed for the films. Sample SC1 that had the least overall
thickness equally recorded a high absorbance due to enhanced light scattering and reflection presented by the
wide surface area of the vertically alignedNRs [42]. The coalesced and overlappingNRs in SC3, SC4, and SC5
could also have limited the incident light scattering andmultiple reflections reported to enhance absorption
[27, 43]. This result shows that the hematiteNRs absorption can be tuned by controlling the seed layer thickness.
The seed layers preparedwith lower precursor concentration provided larger surface area forNRs growth and
resulted inmore vertically alignNRswhich enhanced photon scattering and absorption.

The indirect bandgap values for the sampleswere estimated usingfitted Tauc plots of ( )ahv 2 versus hv
derived from theTauc expression in equation (4) [44].

( ) ( )a = -hv A hv E 4g
n

whereαdenotes the absorption coefficient, h is the planks constant, v is the frequency of light,A represents a
constant derived from the effectivemass of the electrons and holes, Eg is the bandgap, and prefix n is 0.5 or 2 for
the direct and indirect band gaps transitions, respectively. The direct transitions are associatedwith theO2–2p
Fe3+ charge shift whereas the indirect transitions represent the spin-forbidden Fe3+ 3d−3 3d excitation [45].
Tangents of the plots were extrapolated to obtain the hv-axis intercepts for the bandgap values as shown in
figure 10. The bandgap values ranged from1.89 to 2.08 eV and are closely comparable to reported values worked
out from absorbance andTauc plots of hematite films [15, 29].

3.4. Current-voltagemeasurements
A linear sweep voltammetry scanwas performed for all the hematiteNRs samples in the dark and under
illumination to study their photocurrent yields and onset potential. All samples irrespective of the variation in
seed layer concentrations yielded somephotocurrents as well as dark currents as shown infigure 11. The current
thatflows, ismajorly dependent on the bulk and interfacial reactions between the electrolyte and theNRs arrays
when illuminated, and the charge transport from the semiconductor to the FTO substrate. Results of the
photocurrent densities generated from the hematiteNRs at 1.45 and 1.50V versus RHE are presented in table 2.
SC1with the lowest seed layer concentrations of 0.05M, exhibits the highest photocurrent densities of 0.03mA
cm−2 and 0.077mA cm−2 at 1.45V and 1.5V versus RHE respectively. The highest photocurrent for SC1 could
be linked to the small overall thickness of the hematite film and preferential growth in the (110) plane. According
toHeejung et al, thin layers directly address limitations of the short hole diffusion length and short life span for
the charge carriers in the bulk as excited electronsmove to the back contact of the electrode during PEC

Figure 10.Tauc plots for seeded hematiteNRs samples arrays grown on seed layers with varied precursor concentrations.
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reactions [46]. In a similar context, the SC5 produced the second-highest photocurrent whereas the SC2 sample
with the highest thickness of 586.5 nmpresented the least photocurrent followed by SC3.More importantly, the
SC1 sample that yielded the highest photocurrent, had the lowest onset potential, depictive of low surface
trapping states [47]. The photocurrent densities of all samples noticeably yielded lower onset potentials
compared to those of the dark currents. This is attributed to the enhanced suppressed leakage of dark currents
from the electron back-injection, associatedwith the use of seed layers [48]. This observation compareswell with
the dark current onset potential range presented by seeded hematiteNRs in comparisonwith those directly
grownon FTOby Sun et al [18].

3.5.Mott-Schottky analysis
Mott-Schottky results of the seeded hematiteNRs photoanodeswere plotted as shown infigure 12. TheMott-
Schottky plots were used to estimate theflat band potential (Vfb) and donor density (ND) values of the hematite
photoanodes based on equation (5) [29].

( )
ee

= - --C
eA N

V V
KT

e

2
5

D
fb

2

0
2

⎛
⎝

⎞
⎠

whereC refers to the space charge capacitance,A is the surface area of the electrode, e is dielectric constant for
hematite (80), is the permittivity of free space 8.854×10–12 Fm−1 , e is the charge of an electron 1.602×10–19

C,V is the applied potential, K is the Boltzmann constant (1.38×10–23 JK−1), ND is the carrier charge density
andT is the temperature in kelvin (298K) [25, 26]. The linear sections of theMott-Schottky plots werefitted and
used to obtain the slopes. The values of the slopes (S) obtainedwere used to estimate theND values for different
samples according to equation (6).

( )
ee

=S
eA N

2
6

D0
2

Figure 11.Voltage-Currentmeasurements of hematite nanorods grownon spin-coated seed layers preparedwith varying precursor
concentrations.

Table 2.Photocurrent densities at for the seeded hematiteNRs samples at
1.45V and 1.50V versus RHE.

NRs

Samples

Photocurrent densities

at 1.45V versus RHE

(mAcm−2)

Photocurrent densities

at 1.50V versus RHE

(mAcm−2)

SC1 0.030 0.077

SC2 0.010 0.023

SC3 0.011 0.021

SC4 0.018 0.043

SC5 0.018 0.042
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The linear sections of theMott-Schottky plots were extended to intercept the voltage (V) axis. Along this
line,

C

1
2 is reduced to zero and equation (4) simplifies to = +V Vfb

KT

e
fromwhichVfb values for the samples

were calculated. The approximatedND andVfb values of the seeded hematiteNRs samples are shown in table 3.
Positive slopes of theMott-Schottky plots infigure 12 confirm the n-type semiconductor behavior of
hematite [29].

TheVfb values presented by the SC1, SC2, SC3, SC4, and SC5 samples were 0.263, 0.447, 0.118, 0.474, and
0.098V versus RHE respectively. The results depict a range ofVfb values for the seeded hematiteNRs samples
from0.1V− 0.5 V versus RHE,which correlates with previously reported results for hematite films [29, 49].We
observed higherVfb values for SC2 and SC4 samples as shown in table 3. This is associatedwith the higherfilm
thicknesses which have earlier been reported to anodically shiftVfb values by retarding the separation of photo-
induced charges [50]. In addition, the small overall film thickness for SC1and SC3 could have enhanced the low
Vfb values. However, we also propose that themorphological transformations of the SC3, just like SC1 could
have contributed to the lowVfb values exhibited. According to Beermann et al, more vertically alignedNRs
exhibited levelled flowof electrons to the back contact and fewer grain boundaries that would possibly facilitate
recombination [8]. Likewise, SC5 presents the leastVfb value, due to its average thickness and coalesced/
clusteredmorphology.

SC1 gives the highestND value of 5.134×1019 cm−3, indicative of enhanced conductivity due to a thinner
photocatalyst layer that enhances conductivity [20]. Furthermore, since hematite is characterized by short-hole
diffusion length, the thin SC1 layer promotes carrier transport for the generated holes into the electrolyte [46].
Comparably, the thin layer favors the flowof the photo-generated electrons through the photoanode to the
counter electrode forwater reduction.Notably, highND values are generally linkedwith increased electrical
conductivity according to equation (7)where d is the conductivity, e is the electron charge, and m is the charge
mobility [39].

( )d m= e N 7D

Figure 12.Mott-Schottky plots of hematiteNRs grown on seed layers prepared by spin coating.

Table 3. Summary of flat band potential (Vfb) and donor density (ND) values
for hematiteNRs grown on spin-coated seed layers of different
concentrations.

NRs

Samples

Totalfilm thick-

ness (nm)
Vfb versus

RHE (V)
ND×1019

(cm−3)

SC1 337.7 0.263 5.134

SC2 586.5 0.447 4.715

SC3 374.9 0.118 3.894

SC4 478.1 0.474 2.212

SC5 447.4 0.098 2.397
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The high donor charge density in SC1may also be linked towide-area aspect ratio reactions through the
relatively vertically alignedNRs over the seed layer compared to themorphology of other samples [8, 36]. SC3
sample presents a lowerND of 3.894×1019 cm−3 compared to 4.715×1019 cm−3 for SC2.However, despite
SC2 presenting a highND value, it yielded the least photocurrent. This is associatedwith the high overall
thickness of the SC2films. Because of the short hole diffusion length of hematite, the high thickness of SC2films
can lead to high recombination of charge carriers in the bulk of the films before they get transported to the film’s
surface to oxidize water [2, 11]. Also, the large thickness could have greatly increased the resistivity to theflowof
electrons towards the back contact of the substrate in the SC2 sample consequently limiting the photocurrent
output [51]. Our results also reveal that theND values of the synthesized hematiteNRs decreased as the seed layer
thicknesses thatwere tuned by the precursor concentrations, increased as shown infigure 13.

4. Conclusion

HematiteNRswere prepared over hematite seed layers synthesized by spin coating on FTO substrates. The
FeCl3.6H2O concentration of the seed layers was varied systematically by 0.02 intervals from0.05 to 0.13M. The
overall seed layer thicknesses increasedwith the seed layer concentrations and affected the finalmorphology of
the hematiteNRs. The nanorodmorphology at the lowest concentration presented relatively vertical NRs. As the
seed layer concentration increased, theNRs became secondary nucleation sites for otherNRs to grow, and later
coalesced into clusters. TheXRD results revealed a uniformhematite phase for all the samples. However, all the
seeded hematiteNRs presented low preferential growth in themore conducting plane of (110), due to the low-
temperature crystallization of the samples. All samples absorbed highly in the visible region and tended toflatten
out slightly beyond 600 nm. The onset absorbance for all the hematite samples ranged from615 to 675 nm. The
estimated bandgap values fromour study ranged from1.89 to 2.08 eV and agreewith reported literature values
for hematitefilms. Results also show that the smallest overall thickness of the SC1 sample of 337.7 nm, and its
relative vertically alignedNRs contributed to the highest overall photocurrent density of 0.077mA cm−2.

Overall, the seed layer precursor concentrations forNRs have been confirmed to be key determinants of the
seed layer thickness and influence thefinal overlayermorphology of the nanorods. The results in this study
provide additional insight on the role of seed layer thickness in the growth of hematiteNRs for photocatalytic
applications.
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