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1. Introduction

Decades after pioneering works on photoelectrochemical (PEC)
water splitting using titanium dioxide (TiO2) photoanodes by

Fujishima and Honda in 1972, the use of
semiconductor photocatalysts for water
splitting continues to be of significant
interest in research for its feasible applica-
tion in solar-driven hydrogen generation.
Although the TiO2 photoanodes exhibited
great chemical stability in aqueous environ-
ments, a low quantum efficiency for water
splitting was demonstrated mainly due to
its wide bandgap (3.2 eV),[1] which limited
photon absorption to less than 5% within
the visible spectrum range.[1,2] This pre-
sented room for investigations on the
PEC water-splitting potential of semicon-
ductors with smaller bandgaps, which are
equally stable in aqueous environments.
Many stable semiconductors with smaller
bandgaps compared to TiO2, stable in aque-
ous media, and with smaller bandgaps that
enhance visible light absorption like tung-
sten oxide (WO3),

[1] bismuth vanadate
(BiVO4),

[1,3] and hematite,[4,5] have since
been studied for PEC water splitting.
Hematite has been extensively investigated
due to its earth-abundance, small bandgap

of �1.8–2.2 eV,[6] favorable valence band edge position for water
oxidation, and stability in a wide pH range.[7,8] However, the
reported solar-to-hydrogen conversion efficiency for hematite
is still below the theoretically envisaged value of 17%.[9] This
is attributed to its poor electrical conductivity and the short hole
diffusion length (2–20 nm) that greatly hinders the hole transfer
at the semiconductor-electrolyte interface.[10] Numerous strate-
gies, like surface treatments, morphology modification, and
incorporation of dopants, have been used to enhance the photo-
catalytic water splitting of hematite photoanodes.[7]

The use of surface treatments is reported to improve the
intrinsically slow oxygen evolution reaction kinetics at the
semiconductor-electrolyte interface, subsequently improving
the photocurrent performance of the electrode. For example,
the use of a TiO2 overlayer on hematite films enhanced the pho-
tocurrent density 4.5 times more compared to that of the bare
hematite films.[11] Another study by Xi et al.[12] revealed a 44%
increase in photocurrent density from 0.75 to 1.08mA cm�2

at 0.23 V vs Ag/AgCl for hematite photoanodes after surface
treatment with zinc acetate (ZnAc). Also, Tamirat et al.[13]

reported that the modification of planar photoanodes into various
structures like nanoparticles, nanoflowers, and nanowires addresses
the limitations of hematite’s short hole diffusion length.
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Herein, hydrothermally synthesized hematite nanorods (NRs) co-doped with
erbium and titanium, using titanium tetrachloride and erbium(III) nitrate pen-
tahydrate as the dopant sources, are presented. The effect of varied volumes of
the erbium/titanium surface co-dopants on the morphology, structural, optical,
and photoelectrochemical (PEC) properties of hematite NRs is investigated. The
pristine hematite, 40 μL-Er, and 40 μL-Er/20 μL-Ti-doped NRs samples present a
similar surface morphology of vertically aligned NRs. The NRs are randomly
oriented with an increase in titanium dopant for the 40 μL-Er/30 μL-Ti-doped
NRs and later coalesced for the 40 μL-Er/40 μL-Ti-doped NRs. The structural
analysis based on X-ray diffraction and Raman analysis present a uniform, pure
hematite phase for all the prepared NRs. The samples exhibit high photon
absorbance with peaks in the 400–450 nm wavelength range of the visible
spectrum. The 40 μL-Er/40 μL-Ti-doped NRs sample present the highest
photocurrent density of 83.9 μA cm�2 at 1.4 V vs reversible hydrogen electrode
(RHE) and is attributed to the lowest flat band potential (�0.76 V vs RHE) that
enhances charge mobility at the electrode–electrolyte interface. These results
reveal the facile erbium/titanium doping of hematite NRs as a viable strategy for
enhancing their PEC water-splitting performance.
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They further argue that nanostructured semiconductors offer a
larger interfacial area for interaction with the electrolyte, which
enhances charge generation and separation. Besides, 1D nano-
structures, such as nanotubes, nanowires, and nanorods
(NRs), are reported to offer wider surface area and higher aspect
ratios for enhanced charge transport, which consequently cuts
down on charge recombination when used in photocatalysis.[14]

For example, vertically oriented hematite NRs are highly com-
mended for better photocatalytic performance than nanoparticles
considering the narrow diameter that fits its short hole penetra-
tion distance.[15] In addition, the use of dopants has been theo-
retically demonstrated to modify bandgaps of materials and
lower their electron-effective mass.[16] Comparably lower electron
effective mass is reported to improve charge carrier speed which
subsequently improves the photocurrent density outputs of
photoelectrodes.[16]

On account of enhancing photocurrent densities of hematite
photoanodes through doping, a number of dopants have been
studied, such as zinc (Zn),[17] niobium (Nb),[18] magnesium
(Mg)[19] and zirconium (Zr),[20] titanium (Ti),[15,21] and lantha-
num (La).[22] For instance, Ti as a dopant greatly improved the
photocurrent density of hematite NRs by increasing the charge
carrier density by two orders from 4.05� 1017 to 1.49� 1019 cm�3,
which subsequently enhanced the photocurrent density.[21]

Zhang et al.[23] also demonstrated an increase in conductivity
for hematite photoanodes by �32 folds after doping with tanta-
lum (Ta). Nonetheless, the use of rare earth metal dopants to
improve the photocatalytic water-splitting potential of hematite
photoanodes has not been extensively explored. In addition,
the incorporation of rare-earth metal dopants in hematite films
is reported to harness light absorption in the infrared radiation
region and later emit the photons in the visible region.[24,25] This
subsequently contributes extra photons for absorption by the
hematite photoanode.

To date, a number of preparation methods for pristine and
doped hematite nanostructures, such as electrodeposition,[26]

spray pyrolysis,[27,28] atomic layer deposition,[25] spin coating,[12]

sol–gel,[29] and hydrothermal method,[15] have been used to
investigate the various PEC water splitting enhancement strate-
gies for hematite. For example, Annamalai et al.[30] demonstrated
the ex-situ Sn doping effect on the photocatalytic performance of
hydrothermally synthesized hematite NRs. The hydrothermal
method is largely characterized by its easy setup, modest energy
usage, and scalable nature that allows control over the film struc-
ture and dimensions.[31,32] Based on these advantages, the hydro-
thermal synthesis technique was preferred for the synthesis of
hematite NRs in this study.

Herein, the influence of Er and Ti facile co-doping of hydro-
thermally synthesized hematite NRs was explored with a focus
on the morphological, structural, optical, and catalytic properties.
Although doped hematite NRs have widely been investigated,
based on known reports in the literature, the effect of Er and
Ti co-dopants on the properties of hydrothermally synthesized
hematite NRs has not been reported. The results extracted from
the X-ray diffraction (XRD) and Raman structural analysis of all
photoanode samples presented a uniform hematite phase. The
pristine, Er, and Er/Ti-doped hematite NRs also showed high
absorption in the visible spectrum. The 40 μL-Er/40 μL-Ti-doped
NRs presented the highest photocurrent density of 83.9 μA cm�2

at 1.4 V vs reversible hydrogen electrode (RHE), which was 31
times more compared to the pristine hematite NRs. This was
highly associated with the lowest flat band potential and second
highest charge density value exhibited by the 40μL-Er/40 μL-Ti-
doped NRs.

2. Results and Discussion

2.1. Morphology of Photoanodes

Figure 1 shows the morphology of the as-prepared samples
obtained from the field emission scanning electron microscope
(FE-SEM) measurements. The pristine NRs, 40μL-Er-doped, and
40 μL-Er/20 μL-Ti-doped NRs samples presented relatively uni-
form topology of vertically aligned NRs arrays. Further increase
in the Ti surface dopant volume with the 40μl-Er/30 μL-Ti-doped
NRs showed randomly oriented NRs, similar to a previous obser-
vation for ruthenium (Ru) doped hematite.[33] The NRs in the
40μL-Er/40 μL-Ti-doped NRs were observed to have coalesced.
However, there were no observable traces of deposited dopant
elements particles across the morphologies of the Er/Ti-doped
NRs. This could be attributed to the small dopant concentrations
and volumes applied. Overall, this result revealed that the surface
doping of hematite NRs with Er and Ti dopants had no signifi-
cant effect on their morphology with low dopant volumes, but as
the volume increased, the morphology gradually changed, reveal-
ing a more coalesced surface morphology.

The cross-sectional images of the pristine and doped hematite
NRs samples were further analyzed to establish their film thick-
nesses. Figure 2 shows the cross-sectional view of the prepared
samples. Film thicknesses of 569.1, 551.0, 498.1, 507.4, and
583.6 nm were determined for the pristine hematite, 40μL-Er-
doped, 40 μL-Er/20μL-Ti, 40μL-Er/30μL-Ti, and 40μL-Er/40 μL-
Ti-doped NRs samples, respectively. The results indicated a
decrease in film thickness as the dopant volume increased for
the 40μL-Er-doped and 40 μL-Er/20μL-Ti-doped NRs when com-
pared to the pristine hematite NRs. This is consistent with pre-
vious observations about the contraction of hematite NRs after
facile doping with cobalt (Co) and tin (Sn).[34] However, the thick-
ness increased for the 40 μL-Er/30μL-Ti and 40 μL-Er/40μL-Ti-
doped NRs samples. The increase in film thickness for the
NRs could be due to the incorporation of Ti into the hematite
phase and formation of a thin oxide layer with the increased
Ti dopant concentration.[35]

2.2. XRD and Raman Measurements

XRD measurements of doped hematite NRs were obtained to
analyze the purity and crystallinity of the as-grown samples.
Figure 3 shows the XRD patterns of the pristine and Er/Ti-doped
hematite NRs. According to JCPDS card no. 33-0664, peaks asso-
ciated with hematite, including (012), (104), (110), (116), (214),
(300), and (125) at 24.3°, 33.15°, 35.61°, 54.09°, 62.45°, 63.99°,
and 66.03° 2-theta degrees, respectively, were observed across
the XRD patterns.[9] All samples revealed moderate peaks in
(110) plane notable for enhanced charge separation and trans-
port. The XRD result analysis indicated that the incorporation
of the Er/Ti dopants did not alter the hematite structural phase
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Figure 1. Topographic SEM images of a) pristine hematite NRs, b) 40μL-Er-doped NRs, c) 40μL-Er/20μL-Ti-doped NRs, d) 40μL-Er/30μL-Ti-doped NRs,
and e) 40μL-Er/40μL-Ti-doped NRs.

Figure 2. Cross-sectional images of a) pristine hematite NRs, b) 40μL-Er, c) 40μL-Er/20μL-Ti, d) 40μL-Er/30μL-Ti, and e) 40μL-Er/40μL-Ti-doped-hematite
NRs.
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since no other peaks associated with the Er/Ti dopants phases
were observed. In addition, the distinct diffraction peaks are
indicative of fine-crystallized samples.

In addition, the effect of the Er/Ti dopants on the crystal sizes
of the samples was investigated using the Debye–Scherrer
relation, D ¼ Kλ=βcosΦ, where D is the average crystal size,
K ¼ 0.9, which represents the Scherrer constant, λ ¼ 0.154 nm
and denotes the wavelength of the Cu Kα-radiation, whereas β
represents the full-width at half-maxima, and Φ ¼ 2θ=2, is
Bragg’s angle.[36] The crystal sizes obtained for the pristine hema-
tite NRs, and Er/Ti-doped samples are shown in Table 1. The
results reveal random variations in crystallite sizes as the dopant
concentration increased over the pristine hematite NRs. First, the
Er dopant increased the crystallite size of the 40μl-Er-doped NRs
sample by 3.8 nm compared to 22.6 nm for the pristine hematite
NRs. Contrary to previous observations,[37] the increase in crys-
tallite size could be associated with reduced solubility and sub-
stitution of Er ions into the hematite crystal lattice.[29,38] This is
similar to observations reported by Kumar et al.[29] for doped
hematite nanoparticles with concentrations of cerium (Ce) higher
than 5%. Thereafter, the crystal sizes were reduced with an
increase in the volume of the Ti dopant for the Er/Ti co-doped
hematite NRs samples, consistent with the reported results.[39]

This observation also resonates with previous observations for

facile copper (Cu)-doped hematite films and is ascribed to
lower particle aggregation within the doped photoanodes.[40]

Furthermore, the incorporation of dopant ions into the host lattice
is reported to increase the nucleation sites in hematite, which fur-
ther allows more space for the growth of small crystallites.[40]

The pristine hematite and 40μl-Er-doped NRs samples exhibited
the smallest and highest crystallite sizes of 22.6 and 26.4mm,
respectively. The smallest crystallite size for the pristine hematite
photoanodes justifies the increased surface area for the nucleation
and growth of crystallites alongside the vertically aligned NRs,
which exhibited less coalescing, as observed in Figure 1.[41,42]

However, a further increase in Ti dopant volume for the 40μl-
Er/40μl-Ti-doped NRs might have led to the coalescing of the
NRs, and the formation of the oxide layer over the NRs as earlier
described. This possibly contributed to the highest film thickness
observed by the 40μL-Er/40 μL-Ti-dopedNRs (Figure 2). The peaks
corresponding to the titanium oxide phases were not observed
across the XRD spectra, possibly due to the low proportions of
the dopant beyond the detectable margins of the instrument.[43]

Raman spectroscopy measurements were conducted to con-
firm the structural phase presented by the XRD results.
The Raman spectra of the NRs are shown in Figure 4. Seven
active vibration modes expected for hematite were observed.
These include two A1 g modes observed at 237 and 419 cm�1

and five Eg modes seen at 255, 301, 328, 510, and 622 cm�1

Raman shift positions, respectively. This further confirmed
the hematite phase depicted by the XRD results. However, the
Eg mode at 328 cm�1 was barely observed compared to other
modes across the Raman spectra of the pristine, Er, and Ti-doped
samples. Allieta et al.[44] report similar observations of six clear
Raman modes of silicon (Si)-doped hematite nanostructures.
This observation might be attributed to a vibrational overlap
of the close Eg modes at 301 and 328 cm�1 Raman shifts.[45]

However, it is important to note that the reflection of Raman
vibrational modes at specific Raman shifts may vary due to

Figure 3. XRD diffraction pattern of a) pristine hematite NRs, b) 40μL-Er,
c) 40μL-Er/20μL-Ti, d) 40μL-Er/30μL-Ti, and e) 40μL-Er/40μL-Ti-doped NRs.

Table 1. Crystallite sizes based on (110) peak for pristine hematite and
Er/Ti-doped hematite NRs.

NRs sample Crystallite size [nm]

Pristine hematite NRs 22.6

40μL-Er-doped NRS 26.4

40μL-Er/20μL-Ti-doped NRs 25.9

40μL-Er/30μL-Ti-doped NRs 25.3

40μL-Er/40μL-Ti-doped NRs 24.7
Figure 4. Raman shifts of a) pristine hematite NRs, b) 40μL-Er, c) 40μL-Er/
20μL-Ti, d) 40μL-Er/30μL-Ti, and e) 40μL-Er/40μL Ti-doped NRs.
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the influence of preparation techniques, surface treatments, and
incorporation of dopants.[46]

2.3. Elemental Composition

The X-ray spectroscopy (EDS) spectra of the pristine and Er/Ti-
doped hematite NRs were obtained to establish the species of
elements in the films. The results revealed characteristic peaks
of iron (Fe) and oxygen (O) at 6.4 and 0.52 keV, respectively, for
all the samples. Furthermore, the peaks correlating with Er and
Ti confirmed the presence of the dopant ions for the Er/Ti-doped
samples, as shown in Figure 5. The tin (Sn) and silicon (Si) peaks

observed in the spectra were derived from the fluorine-doped tin
oxide (FTO) substrates. These results confirm the successful
incorporation of Er and Ti dopants into the hematite NRs.

2.4. Light Absorption Properties

UV–vis absorption data were used to examine the photon absorp-
tion of the pristine and Er/Ti-doped NRs photoanodes. Figure 6
shows the absorption spectra pattern for the samples. All sam-
ples indicated strong light absorption in the visible spectrum
with onsets at 600 nm wavelength. The pristine hematite NRs
presented the highest absorption, ascribed to the favorable wide

Figure 5. EDS spectra of a) pristine hematite NRs, b) 40μL-Er, c) 40μL-Er/20μL-Ti, d) 40μL-Er/30μL-Ti, and e) 40μL-Er/40μL-Ti-doped NRs.
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surface area presented by the vertically aligned NRs. In addition,
this correlated with the second-highest film thickness exhibited
by the pristine hematite NRs sample based on Beer–Lambert’s
law, which linearly relates film absorbance with film thickness.[5]

The 40μl-Er-doped NRs sample also indicated strong absorption
within the �370–420 nm range. This range is fitting and consis-
tent with reported observations of enhanced absorption of hema-
tite films within the visible spectrum (400–700 nm). The enhanced
absorption for this sample could further be ascribed to the strong
emitted photons associated to the Er dopant incorporated in the
hematite lattice.[24] Beyond this range, the Er dopant drastically
lowered the absorption of pristine hematite NRs. The absorption
of the photoanode samples thereafter increased with decrease in
Ti dopant volumes against a constant Er dopant on the hematite
NRs. The high absorption for the pristine hematite, 40μ-Er/20μL-
Ti, and the 40μl-Er-doped NRs could be associated with the similar
morphology of vertically aligned NRs, which provides the films
with more surface area for light absorption than the coalesced
NRs (Figure 1). The clustering and coalescing of the NRs arrays
of the as-grown samples might have limited the effective surface
area aspect for 40 μL-Er/30 μL-Ti, and 40 μL-Er/40 μL-Ti-doped
NRs, thus lowering the photon absorption.[5] In addition, the doped
samples presented higher photon absorption with increasing
crystallite size within the �350–450 nm range. Truffault et al.[47]

reported similar observations for hematite nanoparticles prepared
for ultraviolet filtration. Overall, the differences in photon absorp-
tion can be attributed to the synergistic influence of crystallite size,
sample morphology, thickness, and the incorporation of the Er/Ti
dopant ions.

The Tauc relation αhv ¼ Aðhv� EgÞ2, where α represents the
absorption coefficient, h the planks constant, v stands for the fre-
quency of light, A symbolizes an energy constant, and Eg denotes
the bandgap was used to estimate the indirect optical bandgap
values of the as-prepared pristine and doped hematite NRs sam-
ples. The bandgaps of the samples were determined from the hv-
axis intercepts values, obtained by extrapolating the linear section
of the curves from the ðαhvÞ2 vs. hv plots of the NRs samples, as

shown in Figure 7. The estimated bandgap values for all the sam-
ples were within 2.04–2.12 eV range. This range is consistent
with reported bandgap values for hematite NRs.[5,19] The bandg-
aps of all the Er/Ti-doped NRs samples slightly increased by at
least 1% compared to the 2.04 eV for the pristine hematite NRs,
consistent with previous findings associated with sulfur (S) facile
doped hematite.[48] This shift highlights the improvement in
photon absorption by the Er and Er/Ti-doped hematite NRs sam-
ples.[49] This study shows that Er, as well as Er/Ti co-dopants, can
improve the photon absorption of hematite in the visible light
spectrum.

2.5. Photocurrent Density Measurements

Figure 8 shows the photocurrent density measurements for the
pristine, Er, and Er/Ti-doped hematite NRs photoelectrode sam-
ples. The pristine hematite NRs yielded the least photocurrent of

Figure 6. Normalized absorption and absorption spectra for pristine, Er,
and Er/Ti-doped hematite NRs.

Figure 7. Tauc plots for pristine, erbium, and erbium/titanium doped
hematite NRs.

Figure 8. Current–voltage plots for pristine, Er, and Er/Ti-doped hematite NRs.
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2.72 μA cm�2 at 1.4 V vs RHE. However, a 1.58 μA cm�2 increase
in photocurrent density was realized after doping the bare hema-
tite NRs with Er at the same potential. The 40 μL-Er-doped NRs
sample presented the second lowest photocurrent density despite
its high Er dopant volume. This may be ascribed to increased
resistivity widely demonstrated by ferrous films incorporated
with rare earth metal ions like Erþ3.[50] Thereafter,
the photocurrent density increased across the samples with
increase in Ti dopant volume up to 83.9 μA cm�2 at 1.4 V vs
RHE for the 40μL-Er/40 μL-Ti-doped NRs sample: �31 fold
higher than the value obtained for the pristine hematite NRs.
This observation is comparable with previous reports where Ti
dopant was demonstrated to enhance conductivity of hematite
photoanodes and separation of charges during PEC reac-
tions.[26,51] The enhanced photocurrent density highlights the
role of the Ti dopant in tuning the electronic structure of hema-
tite for enhanced conductivity.[52,53] However, the moderate peak
presentation observed for all the NRs samples in the (110) plane
might have hindered the charge mobility resulting into high elec-
tron–hole pair recombination and subsequently the low photo-
current density values realized.[54]

2.6. Mott–Schottky Analysis

Mott–Schottky plots of the pristine, Er, and Er/Ti-doped hematite
NRs (Figure 9) were obtained from graphs of 1=C2(F�2) against
potential (V vs RHE). The plots were analyzed to estimate the
donor density (ND) and flat band potential (V fb) values of the
NRs-based photoanodes using the expression in Equation (1)

1
C2 ¼

2
qA2εε0ND

½ðV � V fbÞ � kT=q� (1)

where C is the space charge capacitance, q is the electron charge
(1.602� 10�19CÞ, ε is the dielectric constant for hematite (80), ε0
is the permittivity of free space (8.854� 10�12Fm�1), A is the
illuminated photoelectrode’s surface area immersed in the

electrolyte, V denotes the applied potential at the photoanode,
k represents Boltzmann’s constant (1.381� 10�23JK�1), and T
is the absolute temperature.[55,56] The V fb values were estimated
using the x-axis intercepts of the linearly fitted sections of the
plots, whereas the ND values were obtained from the slopes
(S) based on the relation ND ¼ 2=SA2qεεO. Table 2 shows the
V fb and ND values for the different photoelectrodes.

The pristine hematite NRs revealed a V fb of �0.31 V.
Thereafter, the facile doping of the hematite NRs with Er
increased the V fb by 0.06 V. However, this observation is quite
contrary to results reported on the enhancement of PEC proper-
ties of hematite photoanodes through incorporating rare earth
elements in the semiconductor. This could be associated with
the low Er dopant volume used.[57,58] Furthermore, co-doping
of the NRs with Er and Ti showed a cathodic shift of V fb values
with increase in the Ti dopant volume for the 40 μL-Er/20μL-Ti
and 40 μL-Er/30 μL-Ti-doped NRs samples. This observation is
reflective of enhanced charge separation at the photoanodes/elec-
trolyte interfaces,[58] likely associated with a reduction in the
number of recombination sites with increase in the Ti dopant.[59]

There was no significant difference in V fb values obtained for the
40 μL-Er/30μL-Ti and 40μL-Er/40 μL-Ti-doped samples. This cor-
relates with observations from previous studies where an
increase in dopant concentrations for hematite films revealed
no significant change in V fb values.[56,60]

The pristine hematite NRs exhibited the highest ND value of
3.19� 1019ðcm�3Þ: The vertically aligned NRs, which provide
more surface area for light absorption and contact with the elec-
trolyte, might have contributed to the highest ND observed for
the film.[5] However, despite the highest ND value, the pristine
hematite revealed the second lowest photocurrent density among
the samples. This was greatly associated with the more positive
V fb indicative of the slow charge carrier transfer kinetics at the
semiconductor-electrolyte interface widely reported for hematite
photoanodes, which eventually enhance charge recombina-
tion.[61] The introduction of the Er dopant in the 40μL-Er NRs
electrode initially lowered the ND by 2.15� 1019ðcm�3Þ when
compared to 3.91� 1019ðcm�3Þ approximated for the pristine
hematite NRs. However, the 40 μL-Er/20 μL-Ti-doped NRs
revealed an improvement in ND via facile Ti doping of the hema-
tite NRs by at least 1.3 times compared to the 40μL-Er NRs. The
incorporation of Ti4þ dopant in the hematite lattice is shown to
increase the concentration of electrons by transforming Fe3þ sites
to Fe2þ to preserve the charge equilibrium.[26,27] In so doing, extra
charge carriers are generated, resulting in improved conduc-
tivity of the photoelectrode.[26] The 40μL-Er/40 μL-Ti-doped NRs
presented the second highest ND of 3.50� 1019ðcm�3Þ, which
coupled with the lowest V fb likely contributed to the highest

Figure 9. Mott–Schottky results for the pristine, Er, and Er/Ti hematite-
doped NRs.

Table 2. V fb and ND values for pristine and Er/Ti-doped hematite NRs.

NRs sample V fb [V] ND � 1019 [cm�3]

Pristine hematite NRs �0.31 3.91

40μL-Er-doped NRS �0.25 1.76

40μL-Er/20μl-Ti-doped NRs �0.46 2.21

40μL-Er/30μl-Ti-doped NRs �0.80 2.17

40μL-Er/40μl-Ti-doped NRs �0.76 3.50
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photocurrent density obtained by the electrode sample.
Furthermore, the formation of an oxide layer over the 40μl-Er/
40μl-Ti-doped NRs sample as earlier discussed could have passiv-
ated the surface states of the photoelectrode sample consequently
lowering the charge recombination.[59,62] The Mott–Schottky anal-
ysis clearly reveal that Er/Ti doping improved the charge separa-
tion and transport dynamics of hematite NRs.

3. Conclusion

The structural, optical, and PEC properties of hydrothermally
synthesized facile Er/Ti-doped hematite NRs were investigated.

The incorporation of Er/Ti dopants in the hematite lattice had no
significant impact on the morphology for 40μL-Er and 40 μL-Er/
20 μL-Ti-doped NRs since they presented vertically aligned NRs
similar to those of the pristine hematite films. However, a further
increase in dopant concentration for 40 μL-Er/30μL-Ti and 40μL-
Er/40 μL-Ti-doped NRs showed coalesced NRs. The cross-section
analysis of the samples revealed a 3.2% and 12.5% reduction in
film thickness for the 40μL-Er and 40μL-Er/20μL-Ti-doped NRs
compared to 569.1 nm for the pristine hematite NRs. Thereafter,
the film thickness increased by �1.9% for the 40 μL-Er/30 μL-Ti
and �16.9% for 40μL-Er/40μL-Ti-doped NRs compared to
498.1 nm of the 40μl-Er/20μl-Ti-doped NRs. The XRD and Raman
results confirm a pure phase of hematite for the pristine and

Figure 10. Schematic diagram of hydrothermal synthesis and annealing process of a) pristine hematite NRs, and b) Er/Ti co-doped hematite NRs.
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Er/Ti-doped hematite NRs. All samples exhibited high absorp-
tion in the visible spectrum. The bandgap values obtained for
the photoanode NRs samples were in the 2.04–2.12 eV range
and closely corresponded with reported values for hematite
films. According to the PEC results, the 40μL-Er/40 μL-Ti-doped
NRs produced the highest photocurrent density of
83.9 μA cm�2 at 1.4 V vs RHE due to its high photon absorption,
second highest donor density (3.50� 1019ðcm�3Þ), and the sec-
ond lowest flat band potential (�0.76 V). This study demon-
strates the viable potential of facile Er/Ti-dopped hematite
NRs for photocatalytic water splitting.

4. Experimental Section

Materials: The hematite NRs were synthesized using ferric chloride
(FeCl3.6H2O, 97%), sodium nitrate (NaNO3, 98%), and hydrochloric acid
(HCl, 32%). Titanium tetrachloride (TiCl4, 99%) and erbium(III) nitrate
pentahydrate (Er (NO3)3.5H2O, 99%) were used for preparing the dopant
solutions for the NRs. All chemicals were used as purchased from Sigma
without further purification. Millipore deionized (DI) water was used as the
solvent in the preparation of the precursor solutions.

Synthesis of Hematite NRs: FTO substrates were ultrasonically cleaned
using sodium stearate (C18H35NaO2) soap solution, ethanol, acetone and
thoroughly rinsed with distilled water. The substrates were thereafter dried
with nitrogen gas. Hematite NRs were then hydrothermally synthesized on
the FTO substrates. Before film deposition, the nonconducting sides of the
substrates and a small section of the conducting side were sealed with
Kapton tape. The FTO substrates were then placed at the bottom of a
Teflon container with the conducting side facing upwards. The container
was filled with 45mL of an aqueous solution containing 0.15M FeCl3.6H2O,
1 M NaNO3, and 0.125mL of HCl. The container was covered, firmly sealed
in a stainless-steel reactor, and heated in a laboratory oven at 100 °C for
10 h. Following this reaction, the oven was switched off and allowed to cool
down to room temperature. Yellowish films of iron(III) oxyhydrate (FeOOH)
were observed on the substrates. The deposited films were then washed
severally with DI water to get rid of extra reactants. The Kapton tape at
the non-conducting side was removed, and the samples were dried using
flowing nitrogen. Thereafter, the FeOOH films were annealed at 550 °C for
2 h to get pristine hematite NRs.

Doping of Hematite NRs: To prepare the titanium (Ti) dopant, 0.03mL
of titanium tetrachloride (TiCl4) was added dropwise to 3mL of (DI) water,
whereas the erbium (Er) dopant was an aqueous solution of 0.1 M Er
(NO3)3.5H2O. The pristine hematite NRs were facile doped with a fixed
volume 40μL of Er dopant solution via the spin coating method at
3000 rpm to get the 40 μL-Er-doped hematite NRs. Thereafter, 20, 30,
and 40 μL of the Ti dopant were spin-coated over the Er-doped samples
to obtain the final 40μL-Er/20μL-Ti, 40μL-Er/30μL-Ti, and 40μL-Er/40 μL-Ti-
doped hematite NRs samples, respectively. All the doped samples
were annealed further at 550 °C for 0.5 h to obtain crystalized Er and
Er/Ti-doped NRs. Figure 10 illustrates the sample preparation process.
The pristine hematite NRs sample was also further treated to the same
annealing conditions (550 °C for 0.5 h) to get the final sample used in
the investigation.

Characterization: The surface morphologies of the as-prepared samples
were examined using the Zeiss Ultra PLUS FE-SEM. An energy-dispersive
EDS was coupled to the Zeiss crossbeam and used to examine the ele-
mental composition of the NRs. The crystalline structural patterns of
the NRs were obtained using CuKα radiation from a Bruker D2 Phaser
X-ray diffractometer. The Raman vibrational spectra of the samples were
examined using a λ ¼ 532nm green laser for excitation from aWITec alpha
300 RASþ confocal micro-Raman microscope. The optical absorption
measurements were performed using an Agilent Cary-60 UV–vis equip-
ment, where a blank FTO substrate was used as a reference for back-
ground subtraction.

PEC measurements for the pristine and doped hematite NRs were car-
ried out using a VersaSTAT 3 F potentiostat from Princeton Applied
Research, which was linked to a three-electrode PEC cell assembled in a
Teflon container with a 0.49 cm2 window provided for illumination.
Illumination of 100mW cm�2 was obtained from a Newport Oriel | LCS—
100TM solar simulator calibrated using a Newport 91150 V reference cell.
A 4 cm2 platinum (Pt) mesh counter electrode, a silver/silver chloride (Ag/
AgCl) in 3 M KCl reference electrode, and the pristine hematite, Er and Er/Ti-
doped NRs synthesized on FTO substrates as working electrodes were
dipped in a 1 M NaOH aqueous solution as the electrolyte (Ph= 13.6).
Linear sweep voltammetry measurements were obtained with and without
the illumination of the pristine hematite, Er, and Er/Ti-doped NRs with an
applied potential sweep from �0.9 to 0.8 V vs Ag/AgCl, at a scan rate of
0.05 V s�1 to obtain their photocurrent density values. The Mott–Schottky
measurements were recorded in the dark using a DC potential range of
1.2–0.5 V vs Ag/AgCl. All potential values obtained with Ag/AgCl reference
electrode were converted to RHE scale using Equation (2).[9]

ERHE ¼ EAg=AgCl þ ð0.059PhÞ þ E0Ag=AgCl (2)

In this equation, ERHE is the potential in the RHE scale, EAg=AgCl denotes
the potential obtained with the Ag/AgCl electrode during the experiment,
and E0Ag=AgCl ¼ 0.1976V at 25 °C.
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