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Hematite, owing to its ideal physical properties, chemical stability, and abundance on Earth, has become

a potential candidate as a photoanode in solar water-splitting device applications. However, the high

photogenerated charge recombination due to its low efficiency of charge separation as a consequence

of poor electronic transport and collection at the back contact has hindered its commercial application.

Based on the limitations of hematite, this study describes germanium as a potentially ideal element that

combines the beneficial improvement in charge transfer efficiency and morphology control toward high

hematite-based photoanode performance. Intensity-modulated photocurrent spectroscopy results

demonstrated that the addition of Ge enhanced the charge mobility, leading to a superior charge

separation efficiency compared to the pristine hematite photoanode. C-AFM measurements

demonstrate that Ge improves the electronic conductivity and increases the majority carrier mobility.

Photoelectrochemical measurements performed at different wavelengths show the Ge interferes with

the formation of small polarons, making the charges more mobile (delocalized), thus favoring the

process of photoinduced charge separation. The combined role played by Ge addition resulted in

a significant improvement in the photoelectrochemical performance from 0.5 to 3.2 mA cm�2 at 1.23

VRHE by comparing the pristine and Ge–hematite-based photoanodes.
Introduction

The storage of solar energy as a hydrogen fuel, obtained from
water splitting through a photoelectrochemical cell (PEC), can
provide a clean and renewable energy alternative for the
increasing demand of the world.1,2 However, to reach competi-
tive levels, PEC-based devices depend on robust and efficient
semiconductors (n-type semiconductors, for instance) formed
by abundant elements on our planet and with adequate
bandgap positions to absorb solar radiation. Hematite (a-Fe2O3)
satises most of these requirements for use as a photoanode in
PEC device applications. However, owing to recombination
processes between photogenerated pairs of electrons (e�) and
holes (h+) that occur at the surface, bulk, and semiconductor–
electrolyte interface, the efficiency of the hematite photoanode
is still far less than the theoretically predicted value.3 In the last
decades, intense studies have been devoted to surpassing the
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aforementioned limitations by employing a complex rational
design mainly involving multiple modications4,5 that caused
the photocurrent response to exceed values of 3.0 mA cm�2 at
1.23 VRHE.6–11 These modications include doping, deposition
of an overlayer to act as a passivating or co-catalyst layer,
formation of heterojunctions on the electrode surface,
morphology control, and optimization of the hematite/
substrate interface (transparent conductive oxide).4,5,12

Several attempts dedicated to improving the performance of
hematite photoanodes have focused on charge transfer
processes in the liquid–semiconductor interface of PEC devices,
that is, they have been concerned with minority charge carriers
(h+).5,12,13 Doping is a mechanism that aims to improve elec-
tronic transport and acts on the majority of charge carriers (e�)
in an n-type semiconductor. The increase in electronic
conductivity is a rational way to design highly active hematite
photoanodes because it increases the extraction of electrons in
back-contact electrodes (transparent conductor oxide mate-
rials), resulting in an increase of the charge separation effi-
ciency (CSE) between e� and h+.

The doping of foreign atoms, such as groups IV and XIV of
the periodic table, into the hematite lattice has been extensively
discussed in previous studies.3–5,14,15 However, there is no
consensus on how dopants work to improve the performance of
J. Mater. Chem. A
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photoanodes. It is common to nd experimental results
demonstrating that hematite doping does not increase the
donor density (Nd) in the literature.3,16,17

Perhaps the origin of the lack of agreement on the action
mechanism of dopants lies in the fact that small polaron
hopping determines carrier transport and limits electron
transport in a-Fe2O3.18 Furthermore, as discovered by Leone
et al.,19 the small-polaron localization of photoexcited carriers is
wavelength-dependent. Small polarons can be efficiently
formed near the band-edge excitation, resulting in fewer mobile
carriers. However, fewer polarons are generated through higher-
energy excitation, resulting inmoremobile carriers and a longer
lifetime.19 A clear relationship is observed between the charge
carrier mobility and optical properties, which leads us to believe
that the function of some dopants is to increase the mobility of
charge carriers and not their concentration. Another reason for
the lack of agreement on the action of dopants is the strong
dependence of foreign atom incorporation in the hematite
lattice on the photoanode synthesis method. As discussed
recently by Souza Junior et al., the protocol used to incorporate
dopants has a strong impact on the performance of PEC
devices.20 In addition to its benecial effects, the doping of
hematite also has side effects, such as surface states, which
modify the electrochemical properties of the pristine hematite
(mainly the at band potential (V) and charge transfer resis-
tance). The formation of surface states occurs because of the
segregation of dopants on the hematite surface.21,22

Several prior publications have reported the incorporation of
additives in hematite lms and demonstrated that the segre-
gation of these elements is a critical factor for improving the
photoelectrochemical properties.21–24 For instance, the segre-
gation of Sb and Sn at solid–solid interfaces (grain boundaries)
decreases the grain boundary resistance, facilitating electronic
transport and consequently increasing the conductivity of
hematite.23,24 Recently, several theoretical and experimental
studies have highlighted the benecial effect of germanium
(Ge) as an additive to improve the photocurrent of hematite
photoanodes.25–31 Aer analyzing the experimental studies, we
observed a clear dependence of the photoelectrochemical
performance of the hematite photoanodes on the synthesis
route used to introduce Ge.31 This dependence is associated
with the low chemical compatibility between a-Fe2O3 and
GeO2.32 As shown in the phase diagram of this binary system
(Fig. S1 in the ESI†), at equilibrium, Ge is not soluble in the
hematite lattice and vice versa. Thus, from thermodynamic
arguments, we expect the segregation and formation of Ge
clusters.30–32 The low reactivity between a-Fe2O3 and GeO2 made
us to believe that to maximize the benets of Ge, it is necessary
to use synthetic routes that enable the control of Ge incorpo-
ration, generating a metastable solid solution.

In this study, we explore two different approaches that lead to
greater control of Ge incorporation in the hematite photoanode.
These approaches are combined with a colloidal nanocrystal
deposition (CND) process using magnetite nanocrystals (Fe3O4)
as the a-Fe2O3 precursor.21,22,33 Photoanodes prepared through
this novel strategy were systematically characterized to evaluate
the role of the additive and its impact on sunlight-driven water
J. Mater. Chem. A
oxidation. We will demonstrate that Ge, owing to its chemical
characteristics, will act as an “ideal dopant” to increase the CSE
of hematite photoanodes. We coined the term “ideal dopant” to
describe a dopant that increases the efficiency of the charge
separation process by acting on the majority of the charge
carriers with minimum interference in the charge transfer
process at the semiconductor–electrolyte interface. In previous
works, we described that dopant such as Sn and Sb also promote
a better charge separation process, improving the hematite
photoanode performance.21,22 However, these dopants promote
the formation of surface states, increasing the on-set and the at
band potential, thus hindering the charge transfer process. In
addition, an ideal dopant can also control the morphology of the
hematite photoanode (as a benecial side effect).

Experimental methods
Chemicals and materials

Iron(III)acetylacetonate (99%), oleyl alcohol (85%), oleic acid
(90%), germanium(IV)ethoxide (99%), and sodium hydroxide
(99%) were purchased from Sigma-Aldrich. The chemicals and
reagents were used as received without further purication.

Synthesis of magnetite nanoparticles (used in samples FeGe2
and pristine Fe)

We synthesized magnetite (Fe3O4) NCs following the protocol
developed by Gonçalves et al.33 We added 35 mL of oleyl alcohol
and 8.0 mmol of iron(III)acetylacetonate into a reaction vessel (a
100 mL three-necked round-bottomed ask). The ask was
thereaer heated at 100 �C under vacuum for 15 min for
complete solubilization of iron(III)acetylacetonate. Subsequently,
the vessel was heated at 320 �C under N2 atmosphere for 60 min.
Thereaer, the colloidal solution formed was allowed to cool to
room temperature. The NCs formed were washed three times
with acetone and re-dispersed in toluene, yielding a colloidal
dispersion with a concentration of 400 mg mL�1.

Synthesis of Ge-doped magnetite nanoparticles (used in the
sample FeGe1)

The Ge-doped magnetite (Fe3O4) NC was prepared as follows:
35 mL of oleyl alcohol and 8 mmol of iron(III)acetylacetonate
were put in a three-necked round-bottomed ask (100 mL). The
ask was heated at 100 �C under vacuum for 15 min to
completely solubilize iron(III)acetylacetonate. At this stage, we
added 2 mL of an oleic acid solution containing 0.135 mmol of
germanium(IV)ethoxide ([Ge]/([Ge] + [Fe] ¼ 0.017)), and the
reaction vessel was heated at 320 �C under N2 atmosphere for
60 min. Thereaer, the colloidal solution formed was allowed to
cool to room temperature. The NC formed was precipitated
three times with acetone and re-dispersed in toluene, yielding
a colloidal dispersion with a concentration of 400 mg mL�1.

Magnetite nanoparticles contain Ge precursor preparation
(used for FeGe2 sample)

To prepare FeGe2 sample, we added 0.0902 mmol of germa-
nium ethoxide ([Ge]/([Ge] + [Fe] ¼ 0.017)) to the colloidal
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta03932j


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

22
 2

:5
2:

10
 P

M
. 

View Article Online
solution of undoped magnetite NC (400 mg of magnetite � 1.73
mmol) under N2 atmosphere. The colloidal dispersion was
homogenized in an ultrasonic bath for 30 min.
Thin lms preparation

The thin lms were prepared through the CND process using
a spin-coating deposition procedure as follows: a commercial
FTO substrate was used for the lm deposition. Initially, the
substrates were washed with soap, isopropyl alcohol, acetone,
and toluene. Pure magnetite, Ge-dopedmagnetite, and colloidal
solutions of magnetite and Ge precursors were deposited
through spin-coating at a xed rotation speed of 10 s (5000
rpm). Aer deposition, the lms were sintered in a tubular
furnace at 850 �C for 4 min for materials containing Ge and
20 min for undoped hematite.
Photoelectrochemical characterization

Photoelectrochemical measurements were performed in a stan-
dard three-electrode cell with the hematite lm as the working
electrode (0.28 cm2 area), Ag/AgCl in a KCl saturated solution as
the reference electrode, and a platinum plate as the counter
electrode. 1.0 M NaOH solution (NaOH ACS Aldrich, 99.99%) in
highly pure water (pH ¼ 13.6, at 25 �C) was used as the elec-
trolyte. A scanning potentiostat (potentiostat/galvanostat mAu-
tolab III) was used to measure the dark and illuminated
currents, at a scan rate of 20 mV s�1. Sunlight (100 mW cm�2)
was simulated using a 250 W ozone-free xenon lamp (Osram)
and an AM 1.5 lter (Newport Corp). Several electrochemical
experiments assisted by a sunlight simulator were conducted
using electrolytes with the addition of H2O2 as a hole scavenger
(using an aqueous electrolyte solution prepared with 1 M NaOH
+ 0.5 M H2O2). IMPS measurements were performed in a three-
electrode cell using a Metrohm Autolab PGSTAT302N/FRA2
setup, utilizing a 470 nm high-intensity blue LED for both the
bias light intensity and sinusoidally modulated light. The
modulation frequency ranged from 10 000 to 0.1 Hz, with
a modulation amplitude of approximately 10% of the base light
intensity, and the linearity of the response was tested and
conrmed using Lissajous plots. The IMPS spectra were
normalized by determining the number of modulated photons.

For the Mott–Schottky analysis, a Nyquist plot was con-
structed from 1.75 VRHE to 0.8 VRHE for both doped and undo-
ped hematite, at a frequency of 1 kHz. Eqn (1) and Mott–
Schottky plots were used to determine the donor density (Nd).

1

C2
¼ 2

303reNd

�
V � Vfb � kBT

e

�
; (1)

where 30 denotes the permittivity under vacuum, 3r is the rela-
tive permittivity (hematite was taken as 80),34 V is the applied
potential, T is the absolute temperature, e is the electronic
charge, and kB is Boltzmann's constant. UV-vis absorption
spectra were obtained using a Shimadzu UV-3600 plus
spectrophotometer.

The absorbed photocurrent density Jabs was calculated as
expressed in eqn (2) as follows:
This journal is © The Royal Society of Chemistry 2022
Jabs ¼ q

ð600
350

f ðlÞAðlÞdl; (2)

where q denotes the electron charge, f(l) is the irradiance
spectrum (in units no. of photons cm�2 nm�1 s�1) of the light
source used for photoelectrochemical measurements (AM 1.5 –

100 mW cm�2), and A(l) is the absorptance spectrum of the
pristine Fe and FeGe1 samples.

The APCE measurements were performed using 470, 532,
and 627 nm high-intensity LED irradiation and can be
expressed as follows:

APCE ð%Þ ¼ 1240Jphoto
�
EðlÞl

1� 10A
� 10; (3)

where Jphoto denotes the photocurrent density (mA cm�2), E(l) is
the irradiance of the LED (mW cm�2), l is the LED wavelength,
and A is the absorbance of the LED wavelength used.

Characterization

The thin lms were characterized through XRD (Bruker, D8
Advance ECO) using CuKa radiation (l ¼ 0.15406 nm), linear
detector LYNXEYE XE (PSD of 2.948�), primary optics (2.5� axial
soller and 0.6 mm slit), and secondary optics (2.5� axial soller
and 5.4 mm slit). TEM, HAADF-STEM, and EDS analyses were
performed at 300 kV using a Titan Themis instrument with Cs
correction. The analyses were performed with a spatial resolu-
tion greater than 0.1 nm. The TEM STEM/EDS sample was
prepared via in situ milling using a focused ion beam system.
Chemical surface analyses were performed by an XPS (Thermo
Fisher Scientic, UK) using Al–Ka X-rays under vacuum (>10�8

mbar) and charge compensation during the measurements. A
resolution of 1 eV with ve scans was used to gather the survey
spectra, where high-resolution spectra were recorded with
0.1 eV resolution and 50 scans. The binding energies were
referenced to the C 1s peak at 284.8 eV. Data analysis was per-
formed using the Thermo Scientic™ Avantage™ soware. The
C-AFM measurements were performed using an AFM micro-
scope (Park Systems NX10) under a N2 atmosphere with a tip
nanosensor PPP-EFM Pt/Ir silicon coating with 75 kHz–2.8 N m
and 25 nm of radius. The scan head was mounted within an
environmental chamber maintained at constant relative
humidity and temperature (<10% RH and 25 �C).

Results and discussion

As described in Scheme 1, two different approaches were
employed to incorporate Ge into hematite. In the rst route
(FeGe1), Ge was introduced during the synthesis of Fe3O4

nanocrystals (NCs) (Scheme 1a). Aer the synthesis, the Ge-
doped Fe3O4 NC was deposited through spin-coating onto
uorine-doped-SnO2 (FTO) glass substrates, followed by a sin-
tering process that promotes the formation of a hematite pho-
toanode with a gradient of Ge concentration [Ge]. From this
route, it is expected that the surfaces of the hematite grains are
rich in Ge, with a gradual reduction in the [Ge] concentration
moving away from the surface towards the hematite grain core
as shown in Scheme 1a. For more details, refer to the
J. Mater. Chem. A
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Scheme 1 Schematic of the routes used to process Ge-doped hematite photoanode. (a) In route FeGe1, Ge is introduced during the synthesis of
Fe3O4 nanoparticle; (b) in route FeGe2, Ge is introduced after the synthesis of Fe3O4 NC. The sintering process leads to the hematite photoanode
formation with preferential Ge segregation in the hematite grains surface as shown in (b).
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experimental procedure. In the second route (FeGe2), Ge was
added as a molecular compound that was soluble in toluene
aer the synthesis of Fe3O4 NCs (Scheme 1b). Herein, the sin-
tering process led to the formation of hematite, with Ge pref-
erentially segregating at the hematite grain surface as shown in
Scheme 1b. The details of the synthesis protocol can be found in
the Experimental methods.

As shown in Scheme 1, aer NC preparation and deposition
onto FTO, a sintering process at 850 �C was performed. At this
stage, systematic efforts were devoted to optimize the parame-
ters related to photoanode processing, such as Ge concentra-
tion, number of deposited layers, and time sintering treatment.
In this process, the photocurrent density (JPH) at 1.23 VRHE was
used as a gure of merit, aiming at its maximization. The
parameter optimization achieved by studying the photoanodes
designed following route FeGe1 was used to fabricate photo-
anodes via route FeGe2. Details regarding the optimization of
the parameters can be found in the ESI (Tables S1–S3).† As
a result of this study, it was established that the optimal
nominal Ge concentration is 1.7 at%. Then, the optimized
photoanodes were fabricated by two cycles of deposition pro-
cessing followed by sintering at 850 �C for 4 min. An undoped
hematite photoanode (pristine Fe), as a reference for perfor-
mance, was prepared as reported in previous studies,21,22 which
involved a single deposition step and thermal treatment at
850 �C for 20 min. Thus, all analysis presented in this study are
related to the samples prepared under these conditions.

Because the incorporation of Ge during the synthesis process
is an important step in the route used, we performed a detailed
characterization of the NC. Fig. 1 shows the scanning trans-
mission electron microscopy (STEM) analysis of the
J. Mater. Chem. A
nanoparticles produced through FeGe1 route. This approach
allowed us to obtain nanoparticles with controlled shape
(equiaxial) and size (mean particle size of 7 nm), as illustrated in
the STEM high-angle annular dark-eld (HAADF) image in
Fig. 1a. Fig. 1b and c shows that these nanoparticles had a high
degree of crystallinity (refer to the high-resolution HAADF
image in Fig. 1b). The fast Fourier transform (FFT) analysis
(Fig. 1c) of the oriented nanoparticles (Fig. 1b) shows an
orientation along the [111] axis zone, and it presents the
symmetry of the magnetite phase (Fe3O4). Elemental chemical
analysis, performed by energy dispersive analysis (EDS) coupled
with STEM (EDS-STEM), demonstrated that Ge was incorpo-
rated in Fe3O4 nanoparticles (Fig. 1d and insets), with
a concentration of 1.7 at% of Ge. It is observed from the EDS
map (Fig. 1d) and line prole analysis (refer to the inset in
Fig. 1d) that Ge was homogeneously dispersed through the
nanoparticles, with no sign of segregation. The protocol used in
FeGe2 route was followed to prepare the undoped Fe3O4 NC,
resulting in similar phase, morphology, and size, as revealed by
transmission electron microscopy (TEM) analysis (refer to
Fig. S2 in the ESI†). The undoped Fe3O4 nanoparticles were used
to obtain a dopant-free hematite photoanode (referred to as Fe
pristine).

We performed X-ray photoemission spectroscopy (XPS)
analysis in the FeGe1 and FeGe2 samples (before the sintering
process). As we can notice, the sample with Ge-ethoxide (route
FeGe2) shows a [Ge]/([Ge] + [Fe]) ratio equal to 0.31, i.e., much
higher than the nominal amount added. This result suggests
that most of the Ge is located outside the magnetite particles
and is not in a solid solution. Moreover, the sample in which Ge
was incorporated during the magnetite nanoparticle synthesis
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 STEM characterization of Fe3O4 nanoparticle used in route FeGe1. (a) Low magnification HAADF-STEM image of Ge-doped Fe3O4

nanoparticles; (b) high resolution HAADF-STEM image of Ge-doped Fe3O4 nanoparticle oriented along the [111] zone axis; (c) FFT of (b); (d) EDS-
STEMmap analysis of Ge-doped Fe3O4 nanoparticles. Insets illustrate the EDS spectrum and the line profile analysis, showing the HAADF, Ge, and
Fe signals.
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(route FeGe1) shows a [Ge]/([Ge] + [Fe]) ratio equal to 0.016,
which is close to the nominal one, corroborating the EDS
analysis (the nominal [Ge]/([Ge] + [Fe]) ratio is equal to 0.017).

Doped and non-doped hematite photoanodes were system-
atically characterized to comprehend their chemistry, structure,
and morphology. X-ray diffraction (XRD) analyses, illustrated in
Fig. 2a, for all sintered photoanodes exhibited a complete phase
transformation from magnetite to hematite aer the sintering
process. The diffraction peaks were indexed to the hematite
phase (JCPDS no. 33-0664) with preferential orientation along
the [110] direction for the Fe-pristine and Ge-doped photo-
anodes (FeGe1 and FeGe2). No Ge-rich phase was identied
aer the sintering process; only the diffraction peaks assigned
to SnO2 (JCPDS no. 41-14445) were found to be associated with
the FTO substrate.

The atomic force microscopy (AFM) image of the sintered
photoanode, shown in Fig. 2b–d, illustrates that the presence of
Ge (samples FeGe1 and FeGe2) promotes a signicant reduction
in the grain size of the pristine Fe photoanode. Because the
initial magnetite NC size ranged from 3 to 8 nm (refer to the
TEM analysis in Fig. 1 and S2 in the ESI†), an extensive oriented
growth process occurred during thermal treatment. This
oriented growth process led to the formation of a columnar
morphology with textured hematite grains oriented along the
[110] direction, as indicated by the XRD results and illustrated
in the HAADF STEM image shown in Fig. 2e and f. Moreover, the
suppression of grain growth due to the presence of Ge suggests
segregation at the hematite grain surface during the sintering
process.35 To assess the degree of Ge segregation on the surface
of the hematite grains, XPS measurements were performed
(refer to Fig. S3†). From the XPS analysis, the [Ge]/([Fe] + [Ge])
atomic ratio was estimated at approximately 0.32 and 0.42 for
FeGe1 and FeGe2 samples, respectively, which are higher than
This journal is © The Royal Society of Chemistry 2022
the nominal ratio ([Ge]/([Fe] + [Ge]) ¼ 0.017), indicating a high
degree of the Ge4+ segregation over the hematite grains surface.

The GeO2 chemical, which is highly soluble in basic solu-
tions, was explored aer the sintering process.36 Ge-doped
hematite photoanodes (FeGe1 and FeGe2) were immersed in
1 M NaOH water solution (pH 13.6) for 60 min. The photo-
anodes were thereaer washed with ultra-pure water and sub-
jected to XPS, STEM-EDS, and photoelectrochemical
measurements. XPS analysis exhibited a signicant reduction of
the [Ge]/([Fe] + [Ge]) atomic ratio aer treatment in basic solu-
tion (from 0.32 to 0.28 for FeGe1 and from 0.42 to 0.13 for
FeGe2), indicating that part of Ge4+, present in the hematite
grains surface, was leached. STEM-EDS analysis performed on
FeGe1 photoanode before and aer the leaching treatment,
illustrated in Fig. 2e and f, clearly shows the elimination of the
Ge present in the hematite pore surface, agreeing well with the
results of the XPS analysis.

To evaluate the impact of the added Ge on the performance
of the hematite photoanode, photoelectrochemical measure-
ments were performed under standard AM 1.5 G irradiation.
The J–V curves obtained for the photoanodes illuminated on the
front side of the electrochemical cell are shown in Fig. 3a. The
Ge–hematite photoanodes exhibited a high photocurrent
response compared to the pristine Fe photoanode. The best
performance in terms of JPH (J @ 1.23 V vs. RHE) was achieved
by photoanode FeGe1 (JPH ¼ 3.2 mA cm�2). This photocurrent
value is one of the best among the reported high-performance
hematite photoanode systems without multiple modications,
such as deposition of an overlayer to act as a passivating or co-
catalyst layer, or modication of the FTO/hematite interface.5

The high solubility of GeO2 in concentrated NaOH solution may
raise doubts regarding the stability of this photoanode.
However, chronoamperometry tests (see Fig. S4, in the ESI†)
J. Mater. Chem. A
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Fig. 2 Combination of structural and microscopy characterization. (a) XRD analysis of FeGe1, FeGe2, and pristine Fe films; (b–d) shows non-
contact topological AFM images of pristine Fe, FeGe2, and FeGe1 films, respectively. The insets show high magnification AFM images, high-
lighting the grain size; (e) and (f) superposition of HAADF-STEM image with EDS map for FeGe1 before (e) and after (f) the leaching treatment of
the film in basic water solution (pH 13.6). The EDS-STEM images show the elemental distribution of Fe (red) and Ge (green).

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

22
 2

:5
2:

10
 P

M
. 

View Article Online
reveal that this system has high stability, with negligible
photocurrent variation as a function of time.

To understand the role of Ge in the PEC properties of the
hematite photoanode regarding its water oxidation efficiency,
Mott–Schottky analysis was performed for the pristine Fe and
FeGe1 photoanodes. The Mott–Schottky plots for both photo-
anodes, illustrated in Fig. 3b, have positive slopes, indicating
that electrons are the majority carriers, and we estimated the
donor density (Nd) value from this plot. Because V is an
important parameter in our future analysis, we need to have
condence in this value. Thus, we determined V based on the
Gärtner–Butler analysis in the presence of a sacricial reagent
(H2O2; refer to the details in Fig. S5 in ESI†) to increase the
condence of this measurement.37 Both Nd and V values are
summarized in Table 1. It is observed that the Nd value for
FeGe1 photoanode is approximately 1.5 times greater than the
values estimated for the pristine Fe photoanode. The estimated
quantities considering the Mott–Schottky model have been
constantly addressed in previous studies based on their
inherent uncertainties to describe materials at the nanometric
scale.38,39 Thus, the observed difference in the Nd values was
considered negligible. However, the addition of Ge promotes
a small shi in V (refer to Table 1), unlike other dopants such
as Sn and Sb that cause a sensitive anodic shi in V.21,22

To gain more insight into the performance of the photo-
anode, we calculated the absorbed photocurrent density (Jabs,
considering 100% quantum yield) and overall efficiency (hoverall
J. Mater. Chem. A
¼ JPH/Jabs) for the pristine Fe and FeGe1 photoanodes. We listed
the results in Table 1. The values of Jabs were calculated from the
ultraviolet-visible (UV-vis) spectra (refer to Fig. S6 and the
details in ESI†). Table 1 summarizes the hoverall values,
demonstrating that FeGe1 photoanode is ve times higher than
that of the undoped photoanode. Although these two systems
exhibited similar light-harvesting efficiencies (Jabs), their overall
efficiencies were signicantly different.

To better understand the role of Ge in the charge carrier
dynamics of hematite photoanodes, we performed intensity-
modulated photocurrent spectroscopy (IMPS) measurements.
Fig. 3c shows the IMPS plot for the pristine Fe and FeGe1
photoanodes measured from 0.56 to 1.46 V vs. RHE under blue
light-emitting diode (LED) irradiation. For the pristine Fe
hematite (Fig. 3c, top), it is clearly observed that at high
frequencies (u), the IMPS transfer function (H) values are close
to zero; as the frequency decreases, the H data points form
a semicircle in the fourth quadrant until they intercept the real
axis at the intermediate frequency, which represents the charge
separation efficiency at a given light-harvesting efficiency (LHE),
neglecting the surface recombination and charge transfer, as
expressed in eqn (1) as follows:41–43

Interceptw intermediate ¼ CSE � LHE (4)

Interceptw/0 ¼ EQE (5)
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta03932j


Fig. 3 Photoelectrochemical characterization of the pristine and Ge-doped hematite photoanodes. (a) Current density versus potential curves (J
� VRHE) measured in darkness and under illumination for the pristine Fe, FeGe1, and FeGe2 samples. This experiment was conducted using an
aqueous electrolyte with 13.6 pH (NaOH solution) and 100 mW cm�1 light intensity; (b) Mott–Schottky plots measured at 1 kHz frequency in 1 M
NaOH solution in darkness for the pristine Fe and FeGe1 samples; (c) IMPS spectra obtained for pristine hematite and Ge–hematite at the
potentials indicated under front-side illumination using a blue LED (470 nm) in a 1 MNaOH aqueous solution. Potential dependence of (d) charge
separation efficiency at a given light harvesting efficiency (CSE � LHE) and external quantum efficiency (EQE) and (e) relative hole transfer
efficiency (hrel) obtained from IMPS plots.
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At lower frequencies, a second semicircle that depended on
the applied potential was obtained in the rst quadrant. As the
applied voltage increases, the intercept at low frequency, which
is also associated with the external quantum efficiency (EQE,
eqn (2)), moves away from the origin, thereby increasing the
photocurrent, as also observed in the J–V curves. At V > 1.26 V,
the rst quadrant semicircle disappears, indicating that the
hole transfer is signicantly faster than the surface recombi-
nation.44 A similar trend is observed for FeGe1 lm (Fig. 3c,
bottom) at the same potential ranges in which both semicircles
are clearly distinguished from 0.8 to 1.26 V. Interestingly, at
more positive potentials and high frequencies, the IMPS
Table 1 Jabs, JPH, hoverall (hoverall ¼ JPH/Jabs), Nd, and Vfb for pristine Fe
during sunlight-assisted water oxidation. Nd value was estimated from th
and hoverall were determined from optical and photo-electrochemical m

Sample Jabs (mA cm�2) JPH (@ 1.23 V vs. VRHE) (mA c

Pristine Fe 10.1 0.5
FeGe1 11.7 3.2

This journal is © The Royal Society of Chemistry 2022
function crosses from the third to the fourth quadrant, sug-
gesting that the Ge insertion increases the electron diffusion
length in hematite.45

Although the IMPS measurements of both lms present
a similar potential dependence, it is clearly noted that the
intercepts, CSE � LHE and EQE (eqn (1) and (2)), are signi-
cantly different. Fig. 3d shows the CSE � LHE and EQE values
extracted from Fig. 3c as a function of the applied potential.
Ranging from 0.5 to 0.8 V, the achieved CSE � LHE values are
equivalent for both photoanodes, indicating an equal separa-
tion efficiency in this range. As the potential increased, the CSE
� LHE of FeGe1 lm became superior to that of the pristine
and FeGe1 samples that exhibited the highest photocurrent response
e Mott–Schottky plot, and Vfb from the Gärtner approach.37,40 Jabs, JPH,
easurements

m�2)
hoverall
(JPH/Jabs) Nd (cm�3) (�1019) V (V/VRHE)

0.05 3.9 0.68
0.27 5.9 0.78

J. Mater. Chem. A
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hematite, reaching higher values (�6� at 1.46 V). The reason for
this difference will be explained later. For EQE, both lms
exhibited values close to zero ranging from 0.5 to 0.96 V; at more
positive potentials, an increasing trend is noticeable until EQE
becomes equal to CSE � LHE at V > than 1.3 V. Interestingly, an
area between CSE � LHE and EQE is observed for both lms,
indicating that, ranging from 0.5 to 1.25 V, an important
portion of photogenerated holes are lost through surface
recombination.

The IMPS spectra were also analyzed to extract the transfer
and surface constants (ktr and ksr), and consequently, calculate
the relative hole transfer efficiency (hrel), dened as the ratio
between ktr and (ktr + ksr). The identical values and trends of hrel,
displayed in Fig. 3e, show that the surface of the two photo-
anodes (Fe pristine and FeGe1) present surfaces with similar
behavior, concerning the charge transfer process. Thus, aer
the leaching treatment, the surface charge transfer processes in
the FeGe1 photoanode are dominated by the new hematite
surface (with residual Ge), which must be like those of the
pristine Fe hematite surface.

Based on previous results, the addition of Ge should improve
the charge carrier separation process, increasing the conduc-
tivity of the majority carriers (e�). To evaluate this hypothesis,
conductive AFM (C-AFM) analysis was performed for the pris-
tine Fe and FeGe1 photoanodes, as shown in Fig. 4a and b,
respectively. In C-AFM, an electrically conductive tip is placed in
contact with the photoanode surface, thereby completing
a circuit and allowing charge transfer through different regions
of the photoanodes (refer to Fig. 4a). A simple qualitative
analysis of the C-AFM images shows that FeGe1 photoanode has
a higher conductivity (represented by the high current and
bright area in Fig. 4c) than the pristine Fe photoanode (Fig. 4b).
However, a semiquantitative estimation of this conductivity can
also be performed. Because the same conductive tip was used to
perform the C-AFM measurements of both photoanode
surfaces, the current density (J in nA nm�2) can be estimated by
considering the average value of the current in the analyzed
area. Considering the applied electric eld (E) (v/lm thick-
ness), the ratio between the conductivity of the pristine Fe (sFeP)
and FeGe1 (sFeGe1) photoanodes (remembering that J ¼ sE) was
estimated. This analysis demonstrates that sFeGe1 � 34sFeP. The
electronic conductivity of the Ge-modied sample was more
than one order of magnitude higher than that of the pristine
sample.

The conductivity can be described as the product of the
concentration (Nd) and mobility (m) of charge carriers (q): s ¼
(Ndq)m. Revisiting the Mott–Schottky results obtained in this
study, the addition of Ge does not result in an increase in Nd.
Thus, Ge addition can be associated with a gain in the mobility
of the majority carriers (e�). Considering the values of Nd and
the relationship between sFeGe1 � 34sFeP, the electron mobility
for FeGe1 photoanode was estimated to range from 22 to 34
times higher than that for the pristine Fe photoanode.

The improvement in carrier mobility due to the doping effect
has been reported in previous studies proposed that the high
performance of Ti-doped hematite photoanodes is associated
with an increase in Nd and a prolonged carrier lifetime.46,47More
J. Mater. Chem. A
recently, Zhang et al.48 using a combination of solid-state elec-
tronic transport and PEC characterizations, reported that the
improvement of electron transport and charge carrier efficiency
in Mo-doped BiVO4 is due to the lowered small polaron hopping
barrier. Similarly, Pastor et al.49 proposed that the deleterious
effect and polaronic states formation could be avoided during
the materials fabrication process for PEC applications.25 The
origin of the low electron mobility in hematite can be attributed
to the high localization of small polarons18,50 that require a high
activation energy to hop to the adjacent atom. The addition of
Ge to hematite should affect the degree of localization of the
small polarons, boosting their transport and photocurrent.
Because the small polaron localization of the photoexcited
carrier is wavelength-dependent, we used the absorbed photon-
to-current conversion efficiency (APCE) to understand the effect
of Ge on the carrier mobility of hematite. The APCE as a func-
tion of potential was determined (for details about the APCE
calculation, refer to the experimental procedure) by considering
three different wavelengths. Because the localization effect of
small polarons is more pronounced in the wavelength near the
hematite band edge, the excitation at an energy slightly higher
than the bandgap (where there is an efficient small polaron
formation) and two other energies where a mixture between
polaron formation and charge mobility occurs were
selected.5,19,37,49 Considering that most of the charge separation
process in hematite occurs in the depletion layer region, that is,
for VRHE > V, we corrected the applied potential VRHE by V
(VRHE � V). The results are shown in Fig. 4d–h. The addition of
Ge (FeGe1 photoanode) resulted in a signicantly higher APCE
value, regardless of the excitation wavelength used to perform
the measurements. At 627 nm excitation (Fig. 4d), we observed
that FeGe1 and pristine Fe photoanodes exhibited an APCE
signal only for VRHE > V. However, we note that the undoped
photoanode (pristine Fe) requires a higher anodic potential for
the water oxidation process to occur, demonstrating that the
localization effect of small polarons is more pronounced in this
sample. This result strongly indicates that the addition of Ge
modied the formation of small polarons, thus increasing the
lifetime of the carriers. At more energetic excitations (532 and
470 nm, as shown in Fig. 4e–h), we observed a signicant
increase in the APCE as a function of potential, clearly indi-
cating an increase in the mobility of charge carriers. Moreover,
we noticed that the sample with Ge (FeGe1) presents an APCE
signal even at a potential lower than V (refer to Fig. 4g and h),
suggesting that we can extract charges close to the surface of
hematite, even without the aid of band bending. The pristine Fe
sample exhibited only an APCE signal at VRHE > V, even for
more energetic excitations.

Finally, we discuss the effect of grain size reduction aer the
sintering step, promoted by the addition of Ge (a side effect), on
the photoelectrochemical performance. As illustrated in
Fig. S7a (refer to the ESI),† most of the photocurrent was
generated at VRHE > V, indicating that the charge separation
process occurred mostly in the depletion layer width (W).
Fig. S7b† shows the evolution of W (assuming classical deple-
tion layer theory2,3) as a function of the applied potential for the
pristine Fe and FeGe1 photoanodes. As the two samples differ in
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 C-AFM, APCE, and depletion layer width (W) analysis for the pristine Fe and FeGe1 photoanodes. (a) Schematic of the experimental set-up
used to perform the measurement of C-AFM; (b) C-AFM image of the pristine Fe photoanode; (c) C-AFM image of FeGe1 sample; (d) APCE
measurement as a function of the correctly applied potential (V–Vfb) measured with an excitation of 627 nm; (e) APCEmeasurement as a function
of (V–Vfb) measured with an excitation of 532 nm; (f) APCE measurement as a function of (V–Vfb) measured with an excitation of 470 nm; (g)
zoom of the APCE curve (highlighted area) of (e); (h) zoom of the APCE curve (highlighted area) of (f); and (i) W normalized by the characteristic
morphological feature size (W/rG, where rG denotes the mean grain radius) as a function of (V–Vfb).
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morphology, mainly grain size (refer to Fig. 2b–d and S3 in
ESI†), a direct comparison between the samples becomes
unfeasible. Thus, we normalized W by a characteristic
morphological feature size (mean grain radius, rG), and the
results are plotted in Fig. 4i. The W/rG ratio is a parameter
related to the active volume fraction of the hematite used in the
light-assisted water splitting process.51 We observed that the
reduction in the grain size caused by the addition of Ge led to
better use of the active volume fraction of the material (a higher
W/rG ratio) when compared to non-doped hematite.
Conclusions

The results presented here demonstrate that the strategy of
using Ge doping during nanoparticle synthesis (FeGe1 route) is
fundamental for obtaining a high-performance photoanode.
Moreover, we believe that efficient doping with Ge became
viable because magnetite was used as the hematite precursor.
Magnetite has an inverted spinel-like cubic structure that is
This journal is © The Royal Society of Chemistry 2022
more tolerant to the formation of defects than the corundum-
like structure of hematite.52 With the phase transformation
during sintering, FeGe1 route allowed greater control of Ge
dispersion, as demonstrated by the XPS data. Aer the leaching
treatment, we reported the elimination of part of Ge. Thereaer,
we observed (through IMPS measurements) that FeGe1 photo-
anode had a surface with similar behavior, concerning the
charge transfer process, to that of the pristine Fe photoanode.
Furthermore, C-AFM measurements clearly demonstrate that
Ge improves the electronic conductivity and increases the
majority carrier mobility. Measurements of APCE as a function
of the applied potential, performed at varying excitation wave-
lengths, show that Ge interferes with the formation of small
polarons, making the charges more mobile (delocalized), thus
favoring the process of photoinduced charge separation. In
addition, Ge helps to control the photoanode morphology by
inhibiting grain growth during the sintering process. Based on
these characteristics, we conclude that Ge is an ideal dopant for
improving the charge separation in hematite photoanodes.
J. Mater. Chem. A
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