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Abstract
Photoelectrodes nanoscale interface design has become a key factor to enhanc-
ing their photoelectrochemical performance for water splitting by reducing the
photogenerated charge recombination, thus ensuring their efficient separation,
transport, and collection. In this work, hematite (α-Fe2O3) photoanodes were
prepared from a simple and scalable methodology capable of synergistically
mitigating the charge loss and recombination at all interfaces (i.e., fluorine-
doped tin oxide/hematite, hematite/hematite, and hematite/electrolyte) and
achieving overall efficiency of ∼50% for the water oxidation reaction compared
to pristine photoelectrodes. The external quantum efficiency at 1.23 V versus
reversible hydrogen electrode of pristine hematite was enhanced 6.7 times with
the modifications of the three interfaces (Al2O3/NbH/NiFeOx). Electrochemical
impedance spectroscopy and intensity-modulated photocurrent spectroscopies
were applied to probe and monitor the photogenerated charge carrier dynamics
revealing a substantial improvement in charge separation and collection at the
back-contact interface as well as a partial mitigation of the surface states at the
hematite–electrolyte interface.
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1 INTRODUCTION

Hematite is a very attractive candidate as a photoanode in
photoelectrochemical (PEC) devices for low-cost and sus-

tainable hydrogen production from solar water splitting.
However, to achieve benchmark efficiency for commercial
applications, several important issues must be addressed
during its fabrication stage. Basically, the most relevant
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drawbacks that need to be overcome are associated with
interfacial recombination. At the solid–solid interface,
for instance, the electrons (i.e., the majority carrier in
n-type semiconductors) can be trapped at the grain–grain
interface (or grain boundaries, GBs),1 and they can also
recombine or even be trapped at the substrate–hematite
interface (i.e., the back-contact).2 Assuming that the
substrate choice is of central importance for designing
hematite (α-Fe2O3) photoelectrode at the nanoscale,
electrons can be lost directly from the substrate to
the electrolyte, when hematite exhibits mesoporous
morphology.3,4 At the solid–liquid interface (hematite–
electrolyte), the photogenerated holes (minority carrier)
face a very short lifetime, diffusing only a few nanometers
before recombining or being trapped due to the presence
of surface states.5–7
Several approaches have been individually studied to

mitigate the limiting processes at each interface sum-
marized in various reviews,8–10 such as the addition
of cocatalysts and passivating agents at the solid/liquid
interface,11–14 the incorporation of modifying elements to
change the bulk properties by doping or segregating15,16 as
well as thin interfacial layers,17 often coated from atomic
layer deposition, to improve the photocatalyst/substrate
back contact.18–24 Regardless of the interest and knowledge
acquired about each individual interfaces, very little dis-
cussion can be found on the codependency between all
these design modifications, mainly due to the complexity
of the challenges facing the many different relevant path-
ways for charge losses within a photoelectrode.
It is also desirable that the photoelectrode design be

based on a simple and scalable fabrication method, easily
adaptable to the necessary modifications to reduce the
photogenerated electron loss processes. Our group has
been focusing on the understanding and experimental
controls and developed new strategies to lower interfaces
recombination in hematite photoanodes.25,26 In partic-
ular, those prepared from polymeric precursor solutions
have achieved benchmark values among the spin-coated
ones in 2019.27 Combining the experimental knowledge
of the thermal treatment impact on commercial glass
substrates,28 as well as on themechanical stress during the
α-Fe2O3 phase formation and lattice mismatches at the
back-contact,29 we successfully engineered back-contact-
rich interfaces between substrate and photocatalyst,
minimizing interfacial and GB recombination by tailoring
the polymeric precursor solution viscosity.30
Exploring the versatility of this approach and its adapt-

ability to act in synergy with other potential modifications,
herein, we strive to develop a versatile strategy to ratio-
nally engineer all relevant hematite photoanode interfaces
using a simple chemical solution method. The synthetic

route allows good thickness and stoichiometric controls,
as well as the addition of elements and interface modifica-
tions. The threemajor interfaces are tailored by combining
the coating of anAl2O3 underlayer, the addition of Nb ions,
and the surface photoelectrodeposition of anNiFeOx cocat-
alyst, demonstrating how the design of an efficient photo-
catalyst is directly correlated with the lowering of electron
losses at all the interfaces.

2 EXPERIMENTAL DETAILS

Pristine and Nb-hematite thin films were designed fol-
lowing a chemical route optimized and adapted by our
group to grow homogeneous layers over rough sub-
strate surfaces with excellent coverage.30 The thin films
were prepared following strategically designed steps to
mitigate the losses at the (1) hematite/substrate inter-
face; (2) hematite/hematite grains interface; and at (3)
hematite/electrolyte interface. The respective experimen-
tal steps were initiated by the substrate cleaning process
and Al2O3 underlayer deposition, followed by the pris-
tine hematite or Nb-hematite coating and the subsequent
NiFeOx photoelectrodeposition as illustrated in Figure 1
and detailed in Sections 2.1–2.5.

2.1 Substrate cleaning process

Aluminoborosilicate glass substrates coated with a
fluorine-doped tin oxide (FTO, 10 Ω square−1) on one side
were purchased from Solaronix SA, with a physical area of
10.0 × 10.0 cm2 and an overall thickness of 1.1 mm. Their
transmission is higher than 80% in the 500–800-nm range
and the average thickness of the FTO layer is∼450 nm. For
PEC sampling, they were used as 2.0 × 1.0 cm2 substrates.
The cleaning process followed three consecutive baths of
30 min each in boiling ultrapure water (18.2 MΩ cm at
25◦C), absolute ethanol and acetone, both heated below
their boiling points at 70 and 50◦C, respectively.

2.2 Al2O3 underlayer deposition

Aluminum acetylacetonate (Alfa Aesar) was used to pre-
pare a 0.01-M solution in absolute ethanol (Merck, 99.5%)
as a solution precursor source. The underlayers were
coated onto a cleaned FTO substrate from 50.0 μL of the
0.01-M aluminum ethanolic solution by spin coating at
2000 rpm for 20 s, as illustrated in Figure 1, Step 1. This
process was repeated twice and the substrates were then
annealed in air at 300◦C for 1 h.
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F IGURE 1 Scheme of the Al2O3 underlayer deposition and pristine and Nb-modified hematite thin films fabrication

2.3 Hematite thin films preparation

Pristine hematite (Hem) and Nb-modified hematite
(HNb) films were deposited onto the as-prepared Al2O3
underlayer from the polymeric precursor solution
described in our recent work.30 Briefly, the Fe3+ ions were
chelated by citric acid in an aqueous media and, then
ethylene glycol was added at 60–70◦C to promote the
polymerization. A 10.0-ml aliquot of this solution cooled
to room temperature (25◦C) was concentrated by heating
it at∼70◦C until a reduction of half of its volume, resulting
in a pristine polymeric precursor.
The Nb-modified hematite polymeric precursor solu-

tion consisting of 0.60 ml of a 0.24-M NbCl5 ethanolic
solution was added in the 5.0-mL concentrated polymeric
solution, stirred for 5 min for complete homogenization.
After cooling down to 25◦C, pristine and Nb-modified
hematite precursor solutions were diluted with the addi-
tion of 1.50 ml of absolute ethanol (Merck, 99.5%) and
1.00 ml of isopropyl alcohol (Synth, 99.5%) and homoge-
nized by stirring for 15 min. They were then stored in a
refrigerator (T = 7◦C) for 24 h before use. For the thin
films preparation, the 25◦C precursor solutions were sub-
jected to agitation for proper homogenization. Then, 100 μl
was spin coated (5 s at 500 rpm and 30 s at 7000 rpm)
onto the Al2O3 underlayer, and the thin films were dried
for 5 min at 90◦C on a hot plate, followed by ther-
mal treatments in air and N2 atmosphere as detailed in
Section 2.4.

2.4 Thermal treatments

To eliminate organic compounds from the underlayer and
hematite precursor solutions and crystallizing the metal
oxide, the spin-coated films were subjected to a thermal
treatment in air using a Lindberg/BlueMMini-Mite™hor-
izontal tube furnace, model TF55035A. The furnace was
preheated at the desired temperature, which was also veri-
fied by an external thermocouple at the central position of
the ceramic tube where the sample will be located. For the
treatments, the film was always placed in the center of a
standard ceramic alumina container, with the glass side of
the substrate rested on its wall, then introduced in the fur-
nace. The as-prepared aluminum underlayer was treated
at 300◦C for 1 h, whereas the hematite-based films were
annealed at 500◦C for 30 min, as shown in Figure 1, Steps
1–2. To promote the thermal activation on the hematite
films, a subsequent annealing in N2 atmosphere was car-
ried out in an automatic sliding quartz tube furnace (OTF-
1200X-50-SL, MTI Corporation) preheated at 750◦C. The
quartz tube is equipped with a vacuum pump and a pres-
sure gauge coupled with its closure caps. The ceramic
container with the film was placed in a central position
of the quartz tube, which was then sealed and submit-
ted to three consecutive steps of evacuation/pressurization
with N2 gas. After the last pressurization, the N2 flow (18-
ml min−1) was maintained and the sliding furnace was
manually positioned to the sample location. The fast treat-
ment lasted 30 min at 750◦C and, then, the furnace was
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moved to another side to leave its fan automatically posi-
tioned below the film to cool it quickly. Completing this
process, the pristine or Nb-modified hematite films were
removed from the furnace (final stage of Step 2).

2.5 NiFeOx photoelectrodeposition

Photoelectrodeposition of NiFeOx onto the hematite-
based films (Figure 1, Step 3) was carried out by immers-
ing the films in a pH 5.3 aqueous solution consisting
of 16.0-mM NiSO4⋅6H2O (Sigma Aldrich, 99.9%), 5.0-
mM Fe2(SO4)3⋅H2O (Sigma Aldrich, 97%), and 0.1-M
NaCH3COO⋅3H2O (Sigma Aldrich, 99%).31 The electro-
chemical cell was composed by a commercial (Metrohm
Autolab) Ag/AgCl(sat) and platinum electrodes as the
reference and counter electrode, respectively, and the
hematite-based film as the working electrode. Then, one
linear sweep voltammogram was performed from 0.5
to 0.9 V versus Ag/AgCl, at a scan rate of 10 mV s−1,
under simulated sunlight illumination of 100 mW cm−2

(details given in Section 2.7). No additional treatment was
employed for the NiFeOx as-prepared films.

2.6 Characterization

Optical absorption spectra were recorded between 220 and
800 nm, using a Shimadzu UV–VIS–NIR spectrophotome-
ter UV-3600 Plus equipped with an integrating sphere,
using a sample holder for thin films. Surface morphology
of the underlayers and the hematite films was investigated
by scanning electron microscopy (SEM) using a Quanta™
FEG 650 (FEI Company) equipped with an ETD detector,
at an accelerating voltage of 2 kV. Surface topography was
examined by atomic force microscopy (AFM), NX-10 Park
Systems, recording a scanning image area of 2.0 × 2.0 μm2

with a resolution of 512 × 512 pixels. The intermittent con-
tact (tapping) mode was used, with silicon probe Nano
World, FMRmodel, maintaining a resonance frequency of
75 kHz and force constant of 2.8 N m−1. The root-mean-
square roughness value of each film was calculated by the
Gwyddion Software.

2.7 (Photo)electrochemical
experiments

All electrochemical and PEC experiments were performed
in a three-electrode electrochemical cell, with a platinum
electrode as the counter electrode, a commercial (Metrohm
Autolab) Ag/AgCl(sat) electrode as the reference electrode,
and the thin film as aworking electrodewith a fixed area. A
potentiostat/galvanostat (Autolab PGSTAT129N) was used

for all the experiments and the potentials were converted
to the reversible hydrogen electrode (RHE) using the fol-
lowing Nernst equation:

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔∕𝐴𝑔𝐶𝑙 + 𝐸◦
𝐴𝑔∕𝐴𝑔𝐶𝑙

+ 0.059 × 𝑝𝐻 (1)

For cyclic voltammetry measurements, the cleaned
FTO substrate, Al2O3 underlayer, pristine, and modified
hematite films were immersed in 1.0-M KOH containing
10-mM K4[Fe(CN)6] electrolyte solution. Cyclic voltam-
mograms (CVs) were recorded from 0.7 to 1.6 V versus
RHE, using a scan rate of 10 mV s−1. A 450-W Xe lamp
(Osram, ozone free) equipped with an AM 1.5 global filter
was used for the measurements under simulated sunlight
illumination of 100 mW cm−2. The linear sweep voltam-
metry, electrochemical impedance spectroscopy (EIS), and
intensity-modulated photocurrent spectroscopy (IMPS)
measurements were performed using the same three-
electrode configuration cell and 1.0-M NaOH (pH 13.6) as
the electrolyte solution.
The IMPS measurements were performed using a

Metrohm Autolab PGSTAT302 N/FRA2 setup, utilizing a
470-nm high-intensity blue LED as an illumination source
(DC intensity = 30 mW cm−2). The experiments were
performed applying a sinusoidal modulation on the light
intensity with an amplitude of 10% of the base one, in
the frequency range from 10 kHz to 0.01 Hz. The linearity
of the response was tested and confirmed using Lissajous
plots. The IMPS spectra were normalized by determining
the number ofmodulated photons. The EISmeasurements
were performed from 10 kHz to 0.1 Hz and 10 mV without
perturbation. An equivalent circuit was fitted to the exper-
imental data, using the Z-View R© software.

3 RESULTS AND DISCUSSION

Figure 2 shows the AFM topographical and SEM images
of the commercial FTO substrate, Al2O3 underlayer,
pristine hematite, and Nb-modified hematite thin films
deposited onto Al2O3. No pronounced differences can
be noticed between the morphology of the pristine FTO
(Figure 2A) and the one modified with the Al2O3 under-
layer (Figure 2B), revealing the common irregular sub-
strate surface. The pristine (Al2O3/H) and Nb-modified
(Al2O3/NbH) hematite films showed the typical grain
shape obtained from a polymeric precursor solution.26,27
Surface roughness (RSM) value estimated from an AFM
image was of 30 nm for the FTO and 29 nm for the
underlayer, whereas the Al2O3/H and Al2O3/NbH thin
films decreased to 10 and 6 nm, respectively. The goal
behind Nb incorporation on hematite was to increase
electron transport through the grains in the mesoporous
morphology during the application. The more uniform
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F IGURE 2 AFM topographical and SEM images of (A) commercial FTO substrate (FTO), (B) Al2O3 underlayer (Al2O3), (C) pristine
hematite deposited onto Al2O3 (Al2O3/H), and (D) Nb-modified hematite deposited onto Al2O3 (Al2O3/NbH). AFM, atomic force microscopy;
SEM, scanning electron microscopy. FTO, fluorine-doped tin oxide

Al2O3/NbH surface is the result of the segregation of the
modifying element at the grain interfaces during the ther-
mal treatment,29,32 which arrangement was favored by
the adopted methodology.29 The species segregated act as
pinning the grain growth,33 as can be seen comparing
Figure 2C and D, as well as contributing to a better accom-
modation of smaller NbH grains on the irregular substrate
surface in relation to the hematite ones.
In addition, the average Al2O3/H thickness estimated

from SEM cross-sectional image (not shown) was ∼65 nm,
whereasAl2O3/NbH thicknesswas reduced to about 50 nm
due to its smaller average grain size. Both films presented
similar absorbance spectra, as can be seen in Figure 3A.
Indeed, only slight variations occurred in the hematite
thin films deposited onto FTO and onto Al2O3 underlayer,
mainly because there is no noticeable difference between
FTOandAl2O3 spectra, as expected from the lowprecursor
concentration used in the underlayer deposition and their
transparent feature.
Although hematite thin films prepared from polymeric

solution have a porous morphology that is beneficial for
the charge transfer and surface reactions, it is worth keep-

ing in mind that some FTO regions may still be exposed
to the liquid electrolyte causing electron loss and short cir-
cuit. An insulating underlayer deposition, such as Al2O3,
prior to the hematite thin film growth, could be a very
effective way to prevent such issues.22,23 To validate this
assumption, dark CVs were performed with the commer-
cial FTO, hematite film deposited on FTO (Hem), and
Al2O3 underlayer (Al2O3/H) in a 10-mM K4[Fe(CN)6] in
a 1.0-M KOH electrolyte, as shown in Figure 3B.
As potassium hexacyanoferrate acts as an electron

transfer mediator, a current response in its presence
indicates a charge transfer between the working electrode
and the electrolyte. Indeed, a pronounced current at
1.4–1.6 V versus RHE can be observed, besides a reversible
broad peak at ∼1.1 V versus RHE for the FTO, proving
its propensity for transferring electrons directly to the
electrolyte. Compared with the FTO, hematite thin films
demonstrated a reduction of the anodic and cathodic
stripping currents generated by the Fe(CN)64−/Fe(CN)63−
redox reactions, whereas the electron transfer was lower
for Al2O3/H. Apparently, the Al2O3 underlayer helped to
mitigate the transfer process, a role that can be observed in
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F IGURE 3 Optical absorbance spectra (A), dark cyclic
voltammetry curves in 1.0-M KOH containing 10 mM K4[Fe(CN)6]
electrolyte solution for commercial FTO, Al2O3 underlayer, pristine
hematite deposited onto FTO (Hem), pristine (Al2O3/H), and
Nb-modified hematite (Al2O3/NbH) deposited onto Al2O3 (B and
C), FTO, fluorine-doped tin oxide

the inset of Figure 3B, in which the linear curve evidences
the Al2O3 blocking effect. This originates from its elec-
trical insulation properties concomitantly with a uniform
FTO coverage that prevents any area from being directly in
contact with the electrolyte.3 When comparing the CVs of
pristine and Nb-modified hematite thin films with under-

layer (Figure 3C), it can be noted that electron losses to the
electrolyte are strongly avoided for Al2O3/NbH compared
to Al2O3/H. The response of Al2O3/H may be due to the
thermal treatment used in its preparation, in which the
iron oxide phase is formed and there is a reconstruction of
the grains on the substrate surface. Interactions between
the iron, aluminum, and fluorine-doped tin oxide layers
tend to occur in this process, which can result in areas of
the FTO exposed.
The PEC response of all the pristine and Nb-modified

hematite thin film samples was evaluated, together with
an NiFeOx photoelectrodeposited onto them. Figure 4A
shows the linear sweep voltammetry curves for hematite
films in the absence of an underlayer, for which the main
role of NiFeOx was as a cocatalyst, shifting the water oxi-
dation onset potential. From the curves in Figure 4B, it
can be noted thatAl2O3/HandAl2O3/H/NiFeOx responses
were similar to the analogous ones without an under-
layer. As aforementioned, there is an interaction between
the species during the thermal treatment that can pro-
mote Sn diffusion from FTO to hematite that has been
associated with an enhancement of PEC activity.34 The
underlayer can avoid such diffusion, and a more accu-
rate hematite activity is thus obtained. As no significant
changes occurred in the Al2O3/H response in relation to
pristine thin film (Hem), it can be inferred that there was
no Sn diffusion from FTO to hematite, nor Al diffusion
from the underlayer.
A moderate enhancement was obtained for Al2O3/NbH

PEC response (Figure 4B) in relation to NbH (Figure 4A).
It is important to emphasize that in both cases, the
activity of hematite thin films modified with niobium
was higher than those of pure hematite. Among all,
the Al2O3/NbH/NiFeOx demonstrated a considerable
improvement in photocurrent density for the entire reac-
tion potential range, besides the cathodic shift of the onset
potential. This result demonstrates the synergy between
the underlayer and the Nb addition, as an indication that
electron loss at the back contact is indeed suppressed,
improving therefore the electron injection to the external
circuit.Moreover,NiFeOxmostly acted to passivate the sur-
face states as previously discussed in the literature.32
For a relevant comparison (and to avoid any misinter-

pretation), overall efficiency (ƞoverall) values were calcu-
lated from the ratio J/Jabs, in which J corresponds to the
photocurrent measured at 1.23 V versus RHE and Jabs is
themaximumphotocurrent density obtained from the film
absorbance efficiency. The corresponding results shown in
Figure 4C clearly represent the improvement in efficiency
with the Nb incorporation on hematite, related to its seg-
regation during the thermal treatment that reduces grain
sizes and increases the material area, as revealed by the
AFMand SEM images. These changes demonstrated being
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F IGURE 4 Linear sweep voltammetry for pristine and
Nb-modified hematite thin films deposited onto FTO (A) and Al2O3

(B), with and without NiFeOx photoelectrodeposited in 1.0-M
aqueous NaOH electrolyte under 100-mW cm−2 simulated sunlight
illumination. Overall efficiencies (ƞoverall) calculated from the ratio
J/Jabs (C). FTO, fluorine-doped tin oxide

efficient in promoting the charge separation and transport
between hematite grains, culminating in a higher photore-
sponse. Therewereƞoverall enhancements of 1.7 timeswhen
comparing the NbH to the pristine Hem thin film and of
2.71 times for Al2O3/NbH related to the Al2O3/H, high-
lighting the importance of the underlayer on the perfor-
mance.

NiFeOx is usually used as a cocatalyst, yet in this
work it actually carried out a dual role, as a passivating
agent for surface states as well as a cocatalyst, improv-
ing the photocurrent and shifting the onset potential,
respectively. As previously discussed, its main role as a
cocatalyst for the pristine hematite films resulted in an
increased ƞoverall of 1.8 and 1.6 times for the H/NiFeOx
andAl2O3/H/NiFeOx thin films,whereas improvements of
2.1 and 1.9 times were obtained for the NbH/NiFeOx and
Al2O3/NbH/NiFeOx samples. Interestingly, the degree of
improvement obtained with the NiFeOx surface modifier
was lower for the hematite films coated onto Al2O3 than
those without the underlayer, which may be associated
with electrons losses at the back contact, already resolved
by the underlayer.
For a better comprehension of the individual as well

as the synergic role of the modifications and to validate
the effectiveness of our strategy, EIS and IMPS were car-
ried out to analyze the photogenerated charge carrier
dynamics. The EIS measurements were performed from
0.8 to 1.5 V versus RHE under illumination conditions
(blue LED 470 nm, 30 mW cm−2). Nyquist plots result-
ing from these measurements in aqueous NaOH elec-
trolyte solution for Al2O3/NbH and Al2O3/NbH/NiFeOx
are displayed in Figure 5A and E, respectively. In all cases,
it can be noticed that the presence of two semicircles
that are clearly influenced by the applied potential. For
Al2O3/NbH (Figure 5A), the Nyquist plot shows a consid-
erable impedance (Z) dropping at V > 1.10 V versus RHE,
which becomes even more significant at more positive
potentials. Interestingly, after NiFeOx addition (Figure 5B),
Z drops between 0.90 and 1.20 V versus RHE followed by
a slight Z increase, which can be associated with the elec-
trocatalytic effect of NiFeOx that affects the photocarrier
kinetics.
In an effort to gain additional insight into the origin of

these responses, EIS data of all samples were interpreted
using an equivalent circuit model shown in the inset of
Figure 5B. As previously reported,32 the equivalent circuit
elements include a space–charge capacitance of the bulk
hematite,Cbulk, charge-transfer capacitance,Cct associated
with the surface states, whereas the resistances consist of
series resistance, RS, a resistance that represents the bulk
resistance, Rbulk and a charge-transfer resistance from the
electrode to the solution, Rct. As a constant-phase element
has been used to represent Cct, its coefficient was calcu-
lated around 0.7–0.9 for better approximation to a conven-
tional capacitor. Results from fitting the equivalent circuits
to the impedance spectra described earlier can be found
in Figure 5. In Figure 5B, it can be observed that Rbulk
in hematite decreased with the presence of Al2O3 under-
layer, but its drop is even more noteworthy when Nb is
introduced in the synthesis. Moreover, the Rct behavior
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F IGURE 5 Nyquist plots for EIS data measured under 470-nm blue LED illumination (30 mW cm−2) of (A) Al2O3/NbH and (E)
Al2O3/NbH/NiFeOx. Equivalent circuit parameters obtained from fitting EIS spectra of H, NbH, Al2O3/H, Al2O3/NbH before (B–D) and after
(F–H) the addition of NiFeOx from 0.7 to 1.5 V versus RHE in 1-M NaOH electrolyte solution. The equivalent circuit used to deconvolute those
parameters is displayed as an inset in (B). EIS, electrochemical impedance spectroscopy; RHE, reversible hydrogen electrode

(Figure 5C) also shows a decrease at V> 0.9 V versus RHE,
arising its minimum values for NbH films. Further analy-
sis of the Cct shows a prominent peak for Al2O3/NbH and
NbH samples that rises to theirmaximumat 1.10 and 1.20V
versus RHE, attributed to the charge accumulation of the

surface states.35 From the values obtained for Cct, it can be
concluded that amajor quantity of holes successfully reach
the surface when Nb is segregated on hematite thin films
as the energy barrier at the grain–grain interface is low-
ered, as observed in previous reports for elements such as
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F IGURE 6 Relative transfer efficiency (htrans), charge-transfer efficiency × light-harvesting efficiency (CSE × LHE), and EQE as a
function of the applied potential obtained from IMPS plots for Hem, NbH (A–C) and Al2O3/H, Al2O3/NbH (D–F), in the absence and after
NiFeOx deposition. EQE, external quantum efficiency; IMPS, intensity-modulated photocurrent spectroscopy. CSE, charge separation
efficiency

Ti, Zr, and Sb.36–38 Interestingly, the Rct decrease observed
at lower potentials compared to theCct peaks suggests that
besides the number of holes available at the surface, the
new surface states created by Nb require more energy to
be activated, in agreement with the J–V curves.
After NiFeOx deposition (Figures 5F–H), the Rbulk

dips for all samples, which indicates that the thickness
(∼50 nm) and the roughness of the films allow that NiFeOx
not only acts at the surface but also somehow influences
the bulk. A similar trend is observed for Rct in which simi-
lar values are obtained for all samples. However, the most
important variation is noticeable when the Cct tenden-

cies are analyzed: although the Cct for hematite has been
boosted, the Cct of NbH samples are twice higher than
the Hem and Al2O3/H films, confirming the major charge
availability at the surface after Nb addition; furthermore,
a cathodic shift on the Cct peak after NiFeOx deposition in
all samples shows the passivating effect of this electrode-
posited compound.
IMPS, as a frequency-resolved optoelectronic character-

ization technique, was applied for elucidating the charge
carrier dynamics in terms of charge separation efficiency
(CSE), external quantum efficiency (EQE), and the kinetic
constants of transfer (ktr) and surface recombination (ksr)
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F IGURE 7 IMPS spectra obtained under blue LED illumination (30 mW cm−2) for (A) pristine hematite (Hem) deposited onto FTO, (B)
pristine hematite deposited onto Al2O3 (Al2O3/H), (C) Nb-modified hematite (NbH) deposited onto FTO, (D) Nb-modified hematite
(Al2O3/NbH) deposited onto Al2O3 before NiFeOx deposition and the correspondent ones after NiFeOx deposition, (E) H/NiFeOx, (F)
Al2O3/H/NiFeOx, (G) NbH/NiFeOx, and (H) Al2O3/NbH/ NiFeOx. IMPS, intensity-modulated photocurrent spectroscopy. FTO,
fluorine-doped tin oxide

that are displayed in Figure 6. According to the IMPS
theory,39,40 the real axis (H′) intercepts atmedium frequen-
cies is related to the CSEmultiplied by the light-harvesting
efficiency at a given wavelength (CSE × LHE), whereas
the low-frequency intercept on H′ can be defined as the
EQE. Moreover, the high-frequency semicircle represents
the charge transport and relaxation in the film, whereas
the low-frequency semicircle is ascribed to the competition

between the interfacial charge transfer and surface recom-
bination.
From the IMPS spectra (Figure 7A and B), it can be

noticed that for Hem and Al2O3/Hem, the spectra show
the characteristic low-frequency loop that indicates that
those samples face recombination problems due to surface
states. For NbH and Al2O3/NbH (Figure 7C and D), this
loop disappears at V > 1.3 V versus RHE, suggesting that



BEDIN et al. 11

F IGURE 8 Charge-transfer rate constant (ktr), surface recombination rate constant (ksr), (E) and (RCtime)−1 cell constant obtained from
IMPS spectra for (A) pristine hematite (Hem) deposited onto FTO, (B) pristine hematite deposited onto Al2O3 (Al2O3/H), (C) Nb-modified
hematite (NbH) deposited onto FTO, (D) Nb-modified hematite (Al2O3/NbH) deposited onto Al2O3 before NiFeOx deposition and the
correspondent ones after NiFeOx deposition, (E) H/NiFeOx, (F) Al2O3/H/NiFeOx, (G) NbH/NiFeOx, and (H) Al2O3/NbH/NiFeOx. IMPS,
intensity-modulated photocurrent spectroscopy. FTO, fluorine-doped tin oxide

the surface states do not influence the photocurrent any-
more. Furthermore, the IMPS Nyquist plots after NiFeOx
deposition (Figure 7E–H) show that the abovementioned
loop decreases significantly and tends to disappear at more
negative potentials indicating that NiFeOx is somehow
modifying the charge carrier kinetics, as also observed dur-

ing the EIS analysis. Excitingly, atmore positive potentials,
all IMPS tend to form two semicircles at high frequencies
at different relaxation times for each sample, which could
indicate that the electron dynamics is being affected by
the underlayer addition. Except for Al2O3/NbH/NiFeOx
thin films, these processes are indistinguishable and,
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F IGURE 9 Scheme of the three modified interfaces addressed in this work: the electron losses taking place at the FTO/hematite (1, left)
are mitigated by the Al2O3 (1′, right). The surface states (i-ss) present in the hematite/electrolyte interface were partially passivated (r-ss) by
the inclusion of NiFeOx (2). The energy barrier associated with the hematite grain–hematite grain interface (ɸ1) has been lowered by the Nb
segregation (lighter lines on 3′). FTO, fluorine-doped tin oxide

as consequence, a distorted high-frequency loop is
observed.
The recombination (ksr) and transfer (ktr) constants

(Figure 8) have been obtained by deconvoluting them
from the first quadrant semicircle relating the EQE, CSE ×
LHE, and the ωmax with the competition between surface
recombination and hole transfer as reported elsewhere.40
The crossing point between both constants (ksr and ktr) is
consistent with the Cct peak observed in EIS analysis con-
firming the significant influence of the surface states in the
photoanode kinetics. Moreover, those constants were used
to calculate the hole-transfer efficiency (ƞtransfer) defined
as the ratio between the ktr by the (ktr + ksr) displayed in
Figure 6A and D. From these graphs, it can be noticed that
the cathodic shift caused by NiFeOx is more significant
in the absence of Al2O3 underlayer that indicates that the
mitigation of electrons loss does improve holes transfer.
Analyzing the CSE × LHE and EQE values obtained

from the intercepts as shown in the inset in Figure 6B and
displayed in Figure 6B, C, E, and F, it can be noticed that
NiFeOx is notmodifying the CSE in the films, but it ismod-
ifying the hole injection to the electrolyte solution by pas-
sivating the surface states. By contrast, the Al2O3 under-

layer is mainly enhancing the CSE as acting as a barrier
layer for electron migration from FTO to hematite, which
is also preventing the electron loss at the back-contact as
observed for other underlayers.41 Finally, IMPS analysis
also confirms that Nb segregation in hematite strategy also
enhances the CSE and EQE, but it is only noticeable at
higher applied potential compared with bare hematite due
to the new surface states possibly created by the Nb segre-
gation at the hematite surface exposed to the aqueous elec-
trolyte.
Our new design strategy applied for the overall design

of hematite photoanodes is illustrated in Figure 9. As
previously stated, three different approaches have been
implemented to minimize the problems identified at
the (1) FTO/hematite; (2) hematite/electrolyte; and
(3) hematite grain/hematite grain interfaces. At the
FTO/hematite interface (1′), the electron losses due to the
existence of the electron traps or shunting recombination
have been prevented by the presence of Al2O3 underlayer
that acts as an active barrier for electron migration, hence,
suppressing the electron back-injection from FTO to
hematite. Moreover, the Nb addition in the precursor
solution led to Nb segregation at some GBs (lighter lines
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on 3′), which significantly enhances the low electron
conduction at the hematite grain–hematite grain interface
(3) by lowering the energy barrier (ɸ) and facilitating the
electron migration through the grains to be collected at
the FTO back-contact. Nb addition considerably improves
the electron collection, its segregation also induces the
formation of additional surface states (i-ss) associated with
an anodic photocurrent onset shift and passivated (r-ss) by
the subsequent electrodeposition ofNiFeOx (2′) that avoids
the surface recombination without altering the CSE.

4 CONCLUSIONS

A novel rational strategy for the design of efficient
hematite-based photoanodes was demonstrated with
important implications for lowering electron loss at n-type
photocatalyst based on a simple and low-cost method-
ology capable of mitigating synergically the interfacial
photogenerated charge losses: at the FTO/hematite by the
Al2O3 underlayer that enhances the electron injection to
the back-contact; at the hematite grain–hematite grain
(bulk) with Nb segregation that improves charge trans-
port; and at the hematite/electrolyte by NiFeOx deposited
that passivates surface states. These synergetic effects
significantly increase the overall efficiency of hematite
photoanodes for low-cost solar water-splitting and green
hydrogen generation.
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