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ABSTRACT: Co-doping represents a valid approach to maximize
the performance of photocatalytic and photoelectrocatalytic
semiconductors. Albeit theoretical predictions in hematite
suggesting a bulk n-type doping and a surface p-type doping
would deliver best results, hematite co-doping with coupled cations
possessing low and high oxidation states has shown promising
results. Herein, we report, for the first time, Sb and Li co-doping of
hematite photoanodes. Particularly, this is also a seminal work for
the introduction of the highly reactive Sb5+ directly into the
hematite thin films. Upon co-doping, we have a synergistic effect
on the current densities with a 67-fold improvement over the
standard. Via a combined investigation with profuse photo-
electrochemical measurements, X-ray diffraction, X-ray photo-
electron spectroscopy, and Raman analyses, we confirm the two doping roles of Sb5+ and Li+ as the substitutional and interstitial
dopant, respectively. The improvements are attributed to a higher charge carrier concentration along with a lower charge transfer
resistance at the surface.

1. INTRODUCTION
Oxygen, the source of life on earth as well as the main
component of diverse minerals, is produced via solar water
splitting. Hydrogen, which is obtained through reduction half-
reaction of water splitting, is considered as one of the most
important candidates for a low-carbon economy.1,2 There is
ample research directed on the production of hydrogen using
solar light.3−6 Due to its sluggish kinetics, the oxidative part of
the water splitting reaction, that is, oxygen evolution reaction
(OER), requires catalysts capable of absorbing light and
delivering fast charge transfer. Co-doping is one of the
successful approaches in metal oxide photocatalysis and
photoelectrocatalysis to further improve and understand the
material properties.7−11 Among several metal oxide catalysts,
Hematite stands out as a promising candidate to be used in
photoelectrochemical cells thanks to its band gap allowing to
absorb most of the visible light, its stability, non-toxicity, and
earth-abundant atoms.12,13 Despite these positive aspects,
hematite suffers from poor conductivity and low charge carrier
diffusion length (2−4 nm for holes).14,15 Short lifetimes of
photo-generated carriers (10−12 s) and the inadequate band
position add to the problem. Many transition metals have been
introduced into hematite crystal lattice as extrinsic dopants for
electron (Sn, Si, Nb, Sb, Zr, Ta, Rh, Ge, Ru, and Pt) and hole
(Mg, Cu, Mn, Ru, and Ni) donors.12,13,16−26 Hematite can also
be doped intrinsically via oxygen vacancies.27−29 Moreover, co-
doping may be observed in cases where FTO is used as a

substrate. The use of FTO leads to the diffusion of Sn4+ due to
annealing at high temperatures.16,30−32

Tetravalent dopants are envisioned to introduce charge
neutrality by donating 2e− to neighbouring Fe3+ atoms in
hematite. However, in reality, it is observed that Sn4+ induces
only 0.3e− on one Fe atom.20,23,24 On the other hand,
theoretical calculations have demonstrated that a pentavalent
atom, such as a Sb5+ cation, can induce an overall charge
distribution in four surrounding Fe atoms equal to a total of
2e−. The doping effect of pentavalent atoms like Sb5+ has not
been explored experimentally. Furthermore, theory suggests
that double donor doping can create two Fe2+ cations,
positively affecting the hopping characteristics of charge
carriers in hematite.33,34 One possible candidate for double-
doping are Li+-ions. Li+-doping of iron oxide has been
investigated35 and tested successfully for Li-ion batteries.36,37

To date, there is only one study38 showing Li+-doped hematite
with respect to photoelectrocatalytic applications and none
that combines both.
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By considering the charge transfer band and upper Hubbard
band, the most promising approach appears to be bulk n-type
doping and a surface p-type doping.39 However, not only the
photo-generated charge carriers do not live long in hematite,
but there are also further issues, that is, a poor photogeneration
yield and a weak charge separation yield.26,40 The latter can be
influenced by a strategic co-doping with n−p-type doping
centers, which in turn could enhance the charge separation
yield.26

In this work, we explored for the first time the role of Sb5+
and Li+ as co-dopants in the hematite photoanode to create
eventual fast-charge-separating p−n type centers. We success-
fully achieved in situ hematite doping using chloride-based
precursor solutions. The effects of co-doping on hematite
photoelectrodes were characterized by X-ray photoelectron
spectroscopy (XPS), grazing incidence X-ray diffraction
(XRD), and Raman spectroscopy. Photoelectrochemical tests
confirm that both Sb5+ and Li+ cations can enhance the output
photocurrent, highlighting a synergistic effect by this co-doping
strategy.

2. RESULTS AND DISCUSSION
2.1. Structural Characteristics of Fe2O3 Photoanodes.

Figure 1 shows the UV−vis spectra of hematite (from here on,

it will be denoted as Std.) and the singly doped and co-doped
samples. At a first glance, the overall absorption performance
of the samples appears similar: all show the typical peaks of
hematite.41−44 A closer look, however, reveals a small blue shift
of the most intense peak composed of two individual
absorption bands. The one at higher energy is expected at
375 nm and the one at lower can be identified at around 420
nm, where the curve flattening begins its descent to lower
intensities. Both the peak at 420 nm as well as an additional
peak at about 490 nm arise from spin-flip transitions, 2t2g, and
3eg. Here, magnetic coupling offers higher intensities of the
peaks. Instead, due to spin-forbidden ligand field transitions,
two peaks can be found. A distinctive peak is at around 535
nm, and a smaller one is expected at 600 nm; the latter appears
as a shoulder.
Considering this, we notice that all the doped samples,

mono- or co-doped, are capable of enhancing the light
absorption to some extent. The increase is not large, though it
is in line with small doping amounts (1 at. %) in nm-thick

films. Certainly, an advantage is the diverse behavior and the
presence of the additional monodoping photoanodes. In detail,
on the one hand, the doping with Sb seems to allow for a
general growth of absorption intensity compared with the
undoped hematite sample. On the other hand, Li doping
boosts the absorption intensity especially at wavelengths <550
nm, involving 2t2g, 3eg, and the spin-forbidden ligand field
transition at higher energy. A similar Li-doping effect is
observed in BiVO4, both in transmittance mode45 and in
absorbance mode.46 This is likely caused by the creation of
shallow and deep acceptor levels.47,48 Instead, Sb doping might
enhance the absorption intensity because of band gap
narrowing, as it happens in comparable semiconductors.49,50

Nevertheless, as we do not observe any clear shift, the evenly
augmented absorption intensity is likely attributable to other
reasons, such as a more defective bulk with smaller crystals size
and, hence, more grain boundaries.
Hematite belongs to the D3d

6 crystal space group, and thus,
seven modes in total are expected, that is, two modes with A1g
symmetry and five modes with Eg symmetry. The former ones
represent the movement of the Fe atoms on the defined unit
cell c-axis, while the latter ones are visualized with the O atoms
breathing modes in perpendicular to the c-axis. The micro-
Raman spectra (Figure 2) display the A1g bands at 217 and 490

cm−1 and the Eg bands at 238, 284, 400, and 603 cm−1.
Additional peaks at around 650 and 1301 cm−1 are the
ungerade symmetry modes (Eu and 2Eu), which usually should
not be allowed. Owing to disorder, in the presence of
magnetite, such modes can be permitted.51−54 This is already
true for the non-doped sample, which displays the Eu mode
with a shoulder beside the Eg band at 603 cm−1. Nonetheless,
through the mode, we can recognize Sb-doped samples, as they
exhibit a peak with identical shape, that is, this peak is sharp
and overtakes in intensity the near band at lower wave-
numbers. The Li-doped sample does not clearly display a
variation from the standard. Such observation is in contrast
with the Sb-doping effect, and it may suggest interstitial
doping. The results from the Raman spectra confirm that the
hematite is the main phase and that the films are made of
nanocrystals.54,55 Furthermore, with 650 cm−1 Eu mode, we
substantiate the presence of both the two dopants we add, Sb5+
and Li+.

Figure 1. UV−vis absorption spectra of the hematite photoanodes. Figure 2. Micro-Raman spectra of standard, Sb monodoped, Li
monodoped, and Sb/Li co-doped samples.
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The XPS survey spectrum shows the typical peaks of
hematite films (Figure 3a). The short average penetration
depth (<5 nm) of the X-ray photoelectrons limits elemental
detection to the surface, and thus, it does not allow for
identification of Sn and Fe in the bulk of the investigated
samples. The peaks of Fe and O belong to the surface of the
hematite thin layer. Furthermore, C occurs in relevant amount,
about 29 at. % as adventitious carbon at the surface.
By scanning a binding energy (BE) range of 700−740 eV at

lower intensity (Figure 3b), we intercept the signal associated
with electrons occupying Fe 2p orbitals. This detailed
spectrum displays the most intense peaks at about BE 711
and 724 eV, Fe 2p3/2 and Fe 2p1/2, respectively. Those peaks
also have defined satellites at 8−9 eV higher than their BE.
Components and satellite BEs are a good indication of Fe3+
cations, and thus it occurs in both samples. We could not
identify further signals corresponding to Fe2+ species. The
other sample spectra resemble the standard and we do not
notice alterations after monodoping and co-doping (Figure
S1). However, regarding the doping confirmation, more
interesting results are offered by the O 1s/Sb 3d region
(Figure 3c−e). The investigated range expands from BE 527 to
542 eV. Herein, we see two defined signals�one at lower BE
and one at higher BE. The former is a mixture of O 1s
components, while the latter is of Sb 3d5/2 arising from the
spin−orbit component of Sb, that is, Sb 3d3/2. Upon
deconvolution of the former one, we assign the most intense
peak of the signal to O2− anions at BE 529.90 eV. At higher BE
of the same signal, a peak appears among BE 531.4−531.6 eV,
which is assigned to Fe−O bonding, for example, hydroxy
groups (−OH).29,56,57 At around 533−533.5 eV, we find
another minor peak that may arise from hydrocarbons, likely as
surface contaminations.58,59 The Sb 3d3/2 component lies
around BE 539.96 ± 0.04 eV and does not carry the
complication of a fitting. This further substantiates that the

precursor and annealing lead to Sb5+-doping of hematite.20,60

Unfortunately, Li+-doping cannot be identified directly, since
two more intense Fe 3p components overlap with it. The Li 1s
peak is expected at BE 55−56 eV, while the Fe 3p components
range from BE 54 to 58 eV.35 XRD measurements can shine
light onto the presence of dopant ions in this case.
The diffractograms prevalently show the underneath FTO

substrate (# symbols in Figure 4), albeit the adopted lowest 2°

grazing incidence diffraction angle. In Figure 4, we do not
observe significant differences of the substrate after doping and
co-doping. The most intense peak of crystalline hematite (110)
appears, and it is distinctive. The same cannot be observed for
the less pronounced peaks of hematite [(012) (104) (024)
(116) (300)].
With a closer look at the (110) diffraction peaks of the batch

samples, we detect relevant variations (Figure S2). Non-doped

Figure 3. (a) XPS survey spectrum of the standard hematite sample. (b) Fe element XPS detail spectrum of the undoped sample. (c) O, Sb
elements XPS detail spectrum of the standard sample. (d) O, Sb elements XPS detail spectrum of the Li monodoped sample. (e) O, Sb elements
XPS detail spectrum of the Sb monodoped sample (f) O, Sb elements XPS detail spectrum of the Sb, Li co-doped sample.

Figure 4. XRD patterns of the standard sample, Sb and Li
monodoped samples, and Sb and Li co-doped sample.
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and Sb monodoped sample (110) peaks reach their maximum
at 2θ about 37.97°. On the contrary, both XRD patterns of the
Li-doped samples, monodoped and co-doped, exhibit a gentle
shift toward lower 2θ values at 37.95°. Albeit the observed gap
is small, it occurs only after the introduction of Li cations. This
observation suggests that Li cations added with 1% can access
the hematite lattice exclusively as interstitial dopants.61,62 The
aforementioned results support the substitutional introduction
of Sb into the hematite lattice.20,60 In addition, these results are
in agreement with the XPS findings, that is, oxygen vacancies
do not affect singularly the samples and hence counterfeiting
the photo- and electrochemical performances.63

2.2. Photoelectrochemical Performance of Fe2O3
Photoanodes. The J−V curves for the hematite reference
show a steep increase in current at around 1.6 V, similar to
those curves reported in literature.14,16,64,65 Figure 5a shows
that doping with Li+ and Sb5+ increases the photocurrent at
lower potentials significantly. At 1.4 V versus RHE, the
introduction of Li+ cations offers a moderate increase in
photocurrent by about eight-fold compared to the reference.
This effect is even more pronounced with Sb5+-doping, which
enhances the photocurrent by 45 times. Note that the co-
doping of the two cations enhances the photoelectrochemical
performance by 67-fold, which indicates a synergistic effect of
the two ions. At 1.6 V versus RHE, the relative enhancements
are slightly lower, that is, 4-, 15-, and 23-fold for the Li+, Sn5+,

and co-doped samples, respectively. Curiously, the on-set
potentials of the J−V curves under illumination are not
significantly affected by any of the doping strategies. At around
2 V versus RHE, the regime of the current density is almost
completely Faradaic (Figure 5b). Here, we witness that the
trend observed previously in the photoelectrochemical
characterization does change. This gives the opportunity to
observe the material behavior without the constraints of charge
separation. Except Li+ monodoping, the observation is that the
higher the photoactivity, the lower the current density at high
applied voltages. At 2 V versus RHE, the current densities of
dark J−V curves of non-doped, Sb-doped, and Sb, Li-co doped
samples reach 9.6, 8.9, and 8.4 mA cm−2, respectively.
Exceptionally, Li+-doping shows a remarkable current density
that stops marginally below 11 mA cm−2 (black line). To date,
this current density is the highest within the simple, solution-
based methods. Figure 5c presents the chopped light J−V
curves, which display the typical current transients. The
positive current transients, that is, increasing spikes, testify that
not all the holes that reach the interface contribute to the OER,
while the negative current transients mean that there is
recombination between electrons and photo-oxidized surface
species.66,67 In order to have a better and faster understanding
of the numerical result of chopped light J−V curves, we find it
convenient to calculate the ratio of the spike and steady
currents over the average photocurrent in the range of 1.3−1.4

Figure 5. (a) J−V curves light and dark recorded in 0.1 M NaOH with the calomel electrode and Pt cathode. The potentials are reported vs RHE.
Light curves were carried out under a simulated solar light illumination of 100 mW cm−2. (b) J−V behavior in the Faradaic regime. (c) J−V curves
under chopped illumination.
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V versus RHE, which yield the percent efficiency for holes
being used in water oxidation.38,66,68 The non-doped sample
displays a charge extraction efficiency of 20%. Li-doping can
double the efficiency to about 43%. Meanwhile, Sb-doping has
yielded almost 63% efficiency. Finally, upon co-doping, the
charge conversion efficiency has reached 91%. Furthermore,
we expect Sb-doping to increase the carrier concentration and
decrease the interfacial charge transfer resistance, which is
evident both by XPS and XRD results as well as by the increase
in the efficiency for charge extraction.20 By contrast, as seen in
XRD, we expect Li+ to enter the hematite film only interstitially
and thus it mainly leads to an expanded majority carrier
concentration.45 Those theories are also consistent with the
high current density of the Li-doped sample (Figure 5b) and
the increased charge extraction efficiency (Figure 5c). As we
have substantiated that Li+ is an interstitial dopant for our
hematite photoanodes, leaching experiments were carried out
to exclude that Li+ could leach out of the thin films into the
electrolyte. After adding LiCl to a final 0.01 M concentration
into the typical NaOH 0.1 M electrolyte, the samples shown in
Figure 5 were measured one more time (Figure S3). As a
result, the trend is maintained, while the photoactivity is
generally lower (Figure S3a). The gauged photocurrent at 1.4
V versus RHE goes from 0.11 to 0.07 mA cm−2, which
translates into a 1.6-fold (or 36%) relative reduction. Also, in
the Faradaic regime, a general current decrease with the Li
buffering is still observed (Figure S3b). By comparing the
chopped light J−V curves (Figure S3c,d), namely, before and
after the Li addition, a shrinkage of the charge extraction
efficiency is observed. In detail, the efficiency lessens from a
value of 91−55%. This means that the photogenerated surface
holes seem to recombine more, rather than lead to OER.
Although there might be an aging effect because of the
prolonged photoanode storage, it can be deducted that Li
cations should not permeate in and out the annealed hematite
thin film. Diversely, the photocurrents would be affected
singularly, hence considerably modifying the prior trend.

3. CONCLUSIONS
In short, the Sb and Li co-doping of hematite thin films is
beneficial and leads to a 67-fold improvement on the
photoelectrochemical performance at 1.4 V versus RHE.
Interestingly, the increment on the photocurrent by Sb and
Li-doping appears to be a synergistic effect. According to the
photoelectrochemical analysis, both dopants augment the
carrier concentration, and particularly, Sb diminishes the
charge transfer resistance at the interface. This effect is
particularly clear when comparing Sb monodoped and Sb, Li
co-doped samples in chopped light LSV. The utilization of a
direct Sb5+ cation source has the advantage to assure a unique
Sb5+-doping in the hematite lattice even at lower annealing
temperatures.
Further characterization is needed to shine light on the

kinetics of photo-generated charge carriers and to verify
whether Sb, Li co-doping also enables an increased charge
separation yield and prolongs carriers’ lifetimes. Therefore, this
paper lays the foundation for further utilization of co-doping in
other metal oxide semiconductors for photocatalysis and
photoelectrocatalysis.

4. METHODS
All the chemicals were used as they received unless mentioned
otherwise.
4.1. Preparation of Photoanodes. In a typical solution,

FeCl3·6H2O (Fluka, 99%) (0.54 g) was dissolved in 20 mL of
DI water. Under gentle stirring, polyethylenglycol bisphenol A
epichlorhydrin (Sigma-Aldrich, 15000−20000 Da) (0.54 g)
was also added and dissolved. An FTO slide was masked with a
Kapton tape to keep the first 0.5 cm of the electrode free for
ohmic contact. 2 mL of the solution was deposited onto the
FTO slide and it was spin-coated at 1000 rpm. This procedure
was repeated four times to achieve sufficient thickness for light
absorption (Figure S4). After each deposition, the Kapton tape
was removed, and the electrode was annealed at 550 °C to
form hematite. The electrode was then cut into photoanodes
with a photoactive area of 1 × 1 cm.
4.2. Doping of Hematite. In order to dope hematite in

situ, the precursors for co-doping were added directly to the
spin-coating solutions. However, to enhance the reproduci-
bility and minimize errors, the amount of precursors are taken
from mother solutions. LiCl (Sigma-Aldrich, ≥99%) (0.0424 g,
0.001 mol) was dissolved in 10 mL of DI water to obtain a 0.1
M solution. To get the same solution concentration, SbCl5
(Sigma-Aldrich, 99%) (0.299 g, 0.001 mol) was dissolved in 10
mL of concentrated HCl (36%). Therefore, to add a nominal 1
at. % of dopants over mol of formed Fe2O3, 100 μL needed to
be transferred to the respective spin-coating solution. Four
solutions were prepared including standard samples, two
monodoped samples (Sb5+ and Li+) and the co-doped sample.
HCl greatly inhibits the hydrolyzation and stabilizes the
solution. No signs of hydrolysis were observed in the Sb5+
mother solution after about 2 years of storage. As water and
concentrated HCl were added to dope the spin-coating
solutions, all the solutions were compensated with the missing
solvents.
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