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ABSTRACT Hematite, o-Fe,0;, is considered as one of the most promising 65
materials for sustainable hydrogen production via photoelectrochemical water splitting

with a theoretical solar-to-hydrogen efficiency of 17%. However, the poor electrical 60
conductivity of hematite is a substantial limitation reducing its efficiency in real
experimental conditions. Despite of computing models suggesting that the electrical
conductivity is extremely anisotropic, revealing up to 4 orders of magnitude higher
electron transport with conduction along the (110) hematite crystal plane, synthetic
approaches allowing the sole growth in that direction have not been reported yet. Here,
we present a strategy for controlling the crystal orientation of very thin hematite films
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by adjusting energy of ion flux during advanced pulsed reactive magnetron sputtering technique. The texture and effect of the deposition mode on the film

properties were monitored by XRD, conversion electron Masshauer spectroscopy, XPS, SEM, AFM, PEC water splitting, IPCE, transient photocurrent

measurements, and Mott—Schottky analysis. The precise control of the synthetic conditions allowed to fabricate hematite photoanodes exhibiting fully

textured structures along (110) and (104) crystal planes with huge differences in photocurrents of 0.65 and 0.02 mA em~2 (both at 1.55 V versus RHE),

respectively. The photocurrent registered for fully textured (110) film is among record values reported for thin planar films. Moreover, the developed fine-

tuning of crystal orientation having a huge impact on the photoefficiency would induce further improvement of thin hematite films mainly if cation doping

will be combined with the controllable texture.

KEYWORDS: Hematite - iron oxide - texture - PEC water splitting - pulsed magnetron sputtering -

conversion electron Mdssbauer spectroscopy

tion driven by sustainable energy

sources require a focused shift from
fossil fuels to a combination of wind, water,
solar and other renewable sources.' Hydro-
gen production from photoelectrochemical
(PEC) water splitting driven by solar power
is one such clean technology that can be
used for environmentally friendly fuel pro-
duction.? In a standard PEC cell, at least one
of the electrodes comprises a photoactive
material to simultaneously allow solar light
harvesting and oxidation (taking place on a

F uture needs for electric power genera-
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so-called photoanode) or reduction (on the
photocathode) half reactions. Iron oxide
(0-Fe,03) with hematite crystalline struc-
ture possesses many advantageous pro-
perties for use as a photoanode material.*
The material's substantial light absorption,
offering potential conversion of up to 17%
of the sun's energy into hydrogen (band
gap energy between 2.0 and 2.2 eV),” non-
toxicity, high stability in aqueous envi-
ronments, ample abundance and low cost
are generally superior compared to other
photoanodes. On the other hand, factors
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limiting high performance include its nonideal con-
duction band edge energy with respect to reductive
hydrogen evolution, poor absorptivity, short charge
diffusion length and large overpotential required to
promote water oxidation. Several approaches have
been used to address such nonideal optical and elec-
tronic behavior, e.g., nanostructuring photoanodes,®
application of a tandem cell approach,” and deposi-
tion of ultrathin isocrystalline films to passivate surface
traps.®®

Efficient transport of majority charge carriers
through hematite is another key factor affecting the
overall PEC performance of hematite. Substitutional
doping increases the donor density, and thus carrier
conductivity,'® which is otherwise very poor. The ear-
liest studies on the electrical properties of hematite
were conducted by Morin.'"""? Unusually, low values of
basic electronic characteristics, including the mobility
of charge carriers (~10~2 cm?/(V s)), electrical conduc-
tivity (~107"* Q' cm™"), conduction electron con-
centrations (~10"® cm™ at 1000 K) and activation-
energy type electron mobility (~1072 cm? V™' s7)
were reported in these works. The electrical conduc-
tivity was shown to be related to Fe**/Fe*" valence
alternation on spatially localized iron (3d) orbitals,
leading to electron transfer from one iron atom to
another." Later, computed modeling approaches re-
liably matched empirical data with a small polaron
model that considered both the effect of the relatively
large size of the Fe?" ion and associated lattice distor-
tion (polaron).”>~"> On the basis of this concept, the
conductivity of electrons or holes is ascribed to hop-
ping of polarons from site to site, which is conditional
to a certain activation energy.'>'® The temperature
dependent activation energy, E, affects both the
carrier generation and hopping mobility. The mobility
of carriers has been shown to increase with increasing
temperature, and therefore has been attributed to a
phonon-assisted transport mechanism.'” Pure hema-
tite is ostensibly antiferromagnetic at room tempera-
ture (or weakly ferromagnetic owing to slight spin
canting). The iron cations are in a high-spin d° con-
figuration, in which the spins are coupled ferromagne-
tically along (001) basal planes and antiferromagneti-
cally along the [001] direction, both assembled in
so-called iron bilayers. Detailed investigations of he-
matite conductivity have revealed that, although the
shortest Fe—Fe distance is along the [001] direction,
the electrical conductivity is highly anisotropic, exhi-
biting up to 4 orders of magnitude higher electron
transport with conduction along the iron bilayer (001)
basal plane.'® Interestingly, the perpendicular direc-
tion (parallel to [001]) was identified as the least facile
transport pathway. This discrepancy was ascribed to
the magnetic structure of hematite and explained
on the basis of the Hund's rule. Specifically, electron
transport (n-type conductivity) is allowed throughout
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the environment of parallel spins of the iron bilayers
(along the same (001) plane), but it is forbidden to hop
across the oxygen planes to an iron layer with opposite
spins (moving along [001] direction). The only possible
movement along the [001] direction is that of holes,
defined as Fe*™ — Fe*' electron transfer (p-type
conductivity), which is slower than the movement of
electrons in hematite.'” Therefore, it is evident that
methods to generate a specific and controllable tex-
ture may significantly improve the overall PEC activity
of hematite photoanodes, as previously suggested by
Gratzel et al.'® However, this challenging aim has not
yet been accomplished.

In the present work, we attempted to tune the
crystal orientation and texture of hematite photo-
anodes by carefully controlling the energy of particles
bombarding the substrate during a plasma assisted
deposition procedure, ie., a magnetron sputtering
process. Although the effect of deposition plasma
parameters on the crystal structure of functional coat-
ings has partially been discussed in several works,2°~2
none of them dealt with textured hematite photo-
anodes for PEC hydrogen production. The texture
effect is generally associated with the surface chem-
istry, which influences the relative growth rates of the
preferred crystal phases. The surface chemistry in
sputtering based deposition processes is determined
by the energy and nature (ionized or neutral metal
species and ion-to-neutral flux ratio) of the impinging
species.?®

RESULTS AND DISCUSSION

The highly oriented hematite films examined in this
study were fabricated by DC pulse reactive magnetron
sputtering of a pure iron target working as a cathode
in an Ar/O, gas mixture. Detailed description of the
plasma deposition system and characterization tech-
niques used is provided in Methods and Supporting
Information Figure S1. Three different pulsing regimes
of deposition magnetron discharge were used: (i) high
impulse power magnetron sputtering mode (HiPIMS,
0.1 kHz), (ii) pulsing sputtering mode (PS, 1 kHz), and
(iii) medium frequency sputtering mode (MFS, 50 kHz).
As a result of different pulsing frequencies, fp, and duty
factors of a pulsing cycle, d, used, various cathode
pulse current densities were reached. During each
deposition, the average current, /oy, and, conse-
quently, average current density, jay, Were kept con-
stant at 600 mA and 32 mA/cm?, respectively. The
deposition plasma properties of each coating mode
applied are summarized in Table 1. Except the X-ray
powder diffraction (XRD) investigation, for which the
hematite films were deposited onto amorphous fused
silica and commercial Pt/TiO,/SiO,/Si substrates, for
all the remaining experiments presented, the hema-
tite films were fabricated onto tin doped fluorine
oxide substrates (FTO). After plasma coatings, all the
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as-deposited films were thermally treated at the same
temperature of 650 °C for 30 min in air to improve
the crystallinity and charge transfer between hema-
tite and charge collecting back contact (FTO) of the
photoanode.

XRD patterns of films are presented in Figure 1 and
Supporting Information Figure S2. It can be seen that
the main variation was in the two most intense diffrac-
tion peaks corresponding to (110) and (104) reflections
(in hexagonal coordinates) due to hematite, a-Fe,03
(Figure 1). Only in the case of the MFS films, both these
diffraction peaks occurred, suggesting the common
polycrystalline hematite form. The main reflection ob-
served in the spectrum for the PS film was from the
(104) plane, whereas the desired preferential phase
orientation along the (110) plane was unambiguously
identified in the XRD pattern of the HiPIMS film. The
(110) reflection peak broadening suggested that the
HiPIMS films were composed of nanocrystalline grains
when compared to the remaining types of tested
photoanodes (MFS, PS).

Generally, the short duty cycles and low repetition
frequency of the HiPIMS discharge (see Table 1) re-
sulted in a high power density (~2 kW/cm?) and high
plasma density (~10'8=10"° m™) in the pulse; how-
ever, the values averaged over the whole period were
much smaller (comparable or even lower than in the
DC mode).>* Owing to the high power of the HiPIMS

TABLE 1. Properties of Plasma Discharges during
Deposition of the Hematite Photoanodes

pulse discharge discharge  duty factor  discharge

sample cathode current pulsing of pulsing  current in
acronym” density frequency cyde pulse
Jj/IA/am?] f,/[kHz] d,/1%] [Al
HIPIMS 32 0.1 1% 60
PS 0.32 1 10% 6
MFS 0.046 50 70% 0.9

“HiPIMS, high impulse power magnetron sputtering; PS, pulse sputtering; MFS,
medium frequency sputtering.

pulse, a large fraction of the sputtered metal (here Fe)
particles were ionized in the target region. Thus, the
high energy ion flux, bombarding the substrate, was
considerably enhanced, potentially hugely affecting
the film crystallinity, texture, grain size, microstructure,
density, adhesion, etc., by influencing surface dif-
fusion.?® Surface diffusion is one of the most crucial
parameters affecting the crystal growth. Energetic
bombardment in the HiPIMS mode removes adsorbed
impurities and facilitates surface diffusion and migra-
tion, allowing adatoms to be accommodated in certain
preferential plane orientation,?®%” in this study, orien-
tation along the (110) plane. In comparison with the
HiPIMS approach, the energy of particles impinging
the substrate is negligible in the case of the MFS
mode.?® Thus, this mode resulted in formation of
polycrystalline grains without any preferential plane
orientations, which was consistent with XRD data of
natural isotropic hematite powder (JCPDS 33-0664).
On the other hand, the reflection peak at 2@ = 33.3°,
presented in the PS photoanode XRD spectrum, was
attributed to (104) reflection. As reported in Table 1,
the pulse discharge current during the PS deposition
was 10-fold smaller than that for the HiPIMS mode.
Thus, the energy of particles bombarding the sub-
strate surface was lower in the former case but still
much higher than expected in the MFS method.
As a result, hematite adatoms tended to assemble
in a different way, ultimately leading to the (104)
texture. It is worth noting that, to the best of our
knowledge, the majority of textured hematite films
described in the literature were not obtained inten-
tionally but most likely produced as a side effect of
addition of metal dopants,?*~3' variation of the
temperature,3? and formation of 1D a-Fe,O5 nano-
architectures.>® The only direct approach leading
to highly oriented hematite films along the (110)
direction was proposed by Seki et al.>* They used
a-Al,05(110) oriented substrates to epitaxially grow
Rh doped hematite films by pulsed laser deposition
method. However, the almost suppression of (104)
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Figure 1. (a) X-ray diffraction patterns of hematite films deposited on the amorphous fused silica substrates; (b) models of the
hematite crystal lattice with (104) and (110) preferentially oriented planes displayed.
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alignment in favor of the (110) orientation and its
impact on the hematite PEC activity has not pre-
viously been reported.

The hematite crystal structure of the films depos-
ited on the FTO substrates was further verified using
Raman spectroscopy. In Supporting Information
Figure S3, all seven predicted Raman active phonon
modes (2A,4 + 5E,) of the hematite structure without
any admixtures are clearly observed. The lowest A4
mode at ~223 cm™' exhibited largest intensity for
HiPIMS samples, whereas the intensities of other
modes are more comparable. This phenomenon can
also be attributed to the (110) texture of the HiPIMS
films. The obtained Raman data were analyzed simi-
larly to the work by Munisso et al.>> Preliminary
simulations of the Raman response of A;q and Eq
modes in a crystal of D3y symmetry in backscatter-
ing configuration seem to indicate that, for a broad
choice of model parameters, the ratio between the
averaged response of A,4 and E; modes tends to be
larger in case of prevailing (110) orientation of the
surface than for other situations where the scattering
vector is not perpendicular to the c-axis. This is
particularly the case of the HiPIMS hematite films.
More details about the model applied are given in
Supporting Information.

Further evidence for strong preferential orientation
of the crystallites was provided by *’Fe conversion
electron Méssbauer spectroscopy (CEMS).3%37 CEMS
spectra of the HiPIMS, MFS and PS samples are pre-
sented in Figure 2, which shows that all the spectra
could be fitted with one magnetically split (sextet)
component with hyperfine parameters typical for well
crystalline hematite (Supporting Information Table S1).
Considering the detection limit of Mdssbauer spectros-
copy (~3% of relative spectrum area), hematite was
the only iron containing phase in all three analyzed
samples. Preferential orientation of the magnetic mo-
ments (i.e., texture effect) could be identified and
quantified by evaluation of the relative intensities of
the spectral lines. Generally, the intensities of spectral
lines in a sextet are in the ratio of 3:x:1:1:x:3, where
x varies from 0 to 4. The texture effect can be
quantified through angle 6, which is defined as the
average angle between the magnetic moments and
direction of the y-ray beam originating from the
Méossbauer source. The angle 6 can be determined
directly by using the equation x = [4(1 — cos® 0)/(1 +
cos? 0)]. In the absence of the texture effect (x = 2), the
value of 6 is ~55°. Smaller values of 6 imply that
magnetic moments are preferentially oriented along
the y-ray beam, which is perpendicular to the layer
surface. In contrast, 0 values larger than 55° indicate
preferential orientation of the magnetic moments
along the layer surface. The determined values of
x and 6 including errors are presented in Support-
ing Information Table S1. Clearly, the hematite film
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Figure 2. CEMS spectra of the hematite photoanode sam-
ples. The texture effect determined from the differences in
relative intensity of the second spectral line.

prepared by the HiPIMS method exhibited preferen-
tial crystal orientation perpendicular to the substrate
surface, as indicated by the 6 value of 48.8 £ 1.4°,
whereas the film prepared by the PS approach
showed preferential growth along the surface, as
reflected by the 6 value of 63.7 + 0.6°.

The surface morphology of the films was analyzed
by atomic force microscopy (AFM) and the results are
presented in Figure 3a and Supporting Information
Figure S3. These figures also show scanning electron
microscopy (SEM) cross-section images, which con-
firmed that all the films had a comparable thickness
of 45 nm. This thickness was identified as optimal for
the PEC water splitting activity in our previous study.*®
When the thickness was minimized, the negative effect
of the short diffusion length of photogenerated holes
was effectively suppressed.®®3° The AFM surface image
shown in Figure 3a suggests that the hematite crystal-
lites in the HiPIMS film were predominantly aligned
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Figure 3. (a) AFM surface morphology image of HiPIMS fabricated photoanode. The yellow lines indicate the preferential
orientation of crystallites. The inset shows the SEM cross-section image describing the thickness of the film to be around
45 nm; (b) the high resolution Sn 3d XPS spectra (bottom x and left y axis) with Sn depth profiling (up x and right y axis).

vertical to the substrate, which is another indication of
their preferential orientation. In contrast, only ran-
domly oriented grains in the MFS film were observed
by AFM (Supporting Information Figure S5a). Although
a slightly patterned surface can be distinguished in the
AFM image of the PS film (Supporting Information
Figure S5b), the preferential orientation detected
by XRD was not as well reflected or recognizable as
in the case of the HiPIMS film. The reason can be
probably found in the preferential (104) orientation
of the hematite grains, which is parallel toward the
substrate.

To determine whether the observed properties and
functionality were influenced by different concentra-
tions of tin dopant serving as the carriers' donor, the
elemental composition of the photoanodes was inves-
tigated by X-ray photoelectron spectroscopy (XPS). The
high resolution XPS Sn 3d peaks intensities are pre-
sented in Figure 3b for the HiPIMS and PS films, since
these two photonodes exhibited the biggest differ-
ence in water splitting activity (see discussion below),
along with XPS Sn 3d depth profile curves for all three
types of films. Two main peaks at 487.9 eV (Sn 3d3/2)
and 496.3 eV (Sn 3d5/2) showing almost identical
overall intensity were apparent in the spectra of the
HiPIMS and PS films. In case of the MFS electrode, the
Sn 3d peaks are seen in the full XPS survey and as a high
resolution depth profile peaks (Sn 3d3/2 and Sn 3d5/2)
evolution in Supporting Information Figure S6. The
concentration XPS Sn 3d depth profiles for all three
photoanodes (Figure 3b) were almost totally over-
lapped, suggesting their equivalent elemental com-
position. Moreover, almost equal full survey represen-
tative XPS spectra as same as the XPS O, Fe and Sn
elemental depth profiles are seen in Supporting In-
formation Figures Sé6a and S7, respectively. All these
XPS analyses thus confirmed that the relatively low
temperature of thermal annealing (650 °C), which is
the main driving force for the Sn doping coming from
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Figure 4. Simulated PEC water splitting activity of hematite
photoanodes deposited under different energy of substrate
ion bombardment. The PEC characteristics were recorded
under solar light AM 1.5 simulated conditions with an
intensity of 100 mW cm 2, using 1 M KOH solution as the
electrolyte, and with a scan rate of T mV s~ .

the FTO substrate, did not caused any significant
difference of the films composition among all three
tested photoanodes.

Large differences in the PEC simulated water split-
ting performance were observed between the tested
films (Figure 4). In these experiments, J—V polarization
curves were measured under standard AM 1.5 G
(intensity 100 mW cm~2) chopped light illumination.
The highest photocurrent values (0.28 mA cm™2 at
1.23 V and 0.65 mA cm~2 at 1.55 V versus RHE) were
obtained with the HiPIMS fabricated hematite photo-
anodes. These values are among the highest PEC water
splitting performances reported recently on bare
(without any modifications) planar thin film hematite
electrodes. A brief comparison is given in Table 2.40~**
Since all experimental conditions were kept identical
and the examined photoanodes differed principally in
the preferential alignment of the crystallites, the ex-
cellent photoactivity of the HiPIMS photoanode was
most likely due to the favorable conductivity of the
majority carriers (electrons) along the [110] axis (c-axis)
perpendicularly connected to the FTO substrate.
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TABLE 2. Recently Reported PEC Water Splitting Current
Density Values on Bare (without any Modifications)
Hematite Planar Thin Film Photoanodes under 1.5 AM
(100 mW cm—2) lllumination in 1 M NaOH Electrolyte

reference Jat 1.23 V vs RHE [mA cm 2] Jat 1.4V vs RHE [mA cm 7]
This work 0.28 0.5
40 0.11 0.2
4 0.18 0.6
42 0.05 0.1
43 0.18 0.4
44 0.10 0.3

We argue that a smaller size of the grains could only
partially contribute to the enhanced photoactivity, as
deduced from the XRD peak broadening seen in
Figure 1. On the other hand, any noticeable difference
of the XRD peak width corresponding to the PS and
MFS electrodes was not revealed, while the difference
in their PEC activity was significant. The second highly
textured hematite photoanode deposited using the
PS mode exhibited an almost negligible plateau
photocurrent of 0.02 mA cm™2 at 1.23 V versus RHE,
which remained almost constant until the water
oxidation dark current onset. This drastic decrease
can be explained by the synergetic effect of low
electron and hole mobilities within the (104) plane
oriented parallel to the c-axis and its nonideal oxygen
dominated surface termination, which is believed to
cause much higher surface recombination due to the
high density of surface states acting as traps.*> This
issue was irrelevant for the (110) preferential orienta-
tion because its surface termination was dominated
by Fe(lll) ions. Moreover, this hypothesis was proved
experimentally by measuring transient photocur-
rents, as discussed below. The most cathodically
shifted dark current onset (Figure 4) corresponding
to the PS photoanode can also be attributed to the
surface or defect states. According to the work by
Peter et al.,*® these states can initiate water oxidation
without illumination throughout the electron transfer
that involves tunneling across the space-charge re-
gion. In between the two extremes (HiPIMS and PS
films), the photoactivity of the untextured MFS films
showed a photocurrent maxima of 0.14 mA cm ™2 at
1.23 V and 0.38 mA cm™2 at 1.55 V versus RHE. This
result is consistent with the XRD patterns, which
showed that both discussed planes were present
almost equally. Hence, the negative and positive roles
of the preferential planes as well as surface termina-
tions probably compensated each other, resulting in
the average PEC performance.

Figure 5 shows a graph of the photocurrent maxima
recorded at 1.55 V versus RHE plotted against the
angle 6 (from CEMS). The results clearly support the
previous findings regarding the principal effect of
crystal orientation on the PEC performance. Among
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Figure 5. Correlation between the texture effect expressed
as the angle © and the PEC activity of the films expressed as
the photocurrent value read at 1.5 V versus RHE.

the prepared films, only the MFS method led to an
untextured polycrystalline film composition, as con-
firmed by XRD, AFM, and CEMS techniques. The angle
6 was determined to be 58.9 + 0.4° for the MFS
sample, which supports the aforementioned result.
The lowest angle 6 of 48.8 £ 1.4°, which can be
attributed to the (110) preferential orientation, was
obtained with the HiPIMS film. In contrast, the PS film
showed the largest angle 6 of 63.7 + 0.6°, correspond-
ing to the (104) preferential plane orientation. All the
photoanodes showed highly consistent results from
the methods employed for characterization, includ-
ing XRD, Raman spectroscopy, CEMS, AFM, and PEC
activity.

As stated above, the various preferential orienta-
tions of hematite crystallites also determine the orga-
nization of terminating atoms (Fe, O) at the surface.
Figure 6a compares transient photocurrents under
chopped monochromatic light (360 nm) illumination
measured at an applied potential of 1.5 V versus RHE.
The photocurrent transients exhibited negative
and positive spike characteristics, suggesting strong
surface recombination. On the basis of the previously
proposed explanation, the anodic current spikes (posi-
tive current response) were attributed to accumulated
holes at the photoelectrode/electrolyte interface,
which were not injected into the electrolyte due to
slow water oxidation kinetics. Instead, they are trapped
by surface states. Conversely, the cathodic transient
spikes (negative current response) were generated
when the light was off, indicating back recombination
of the accumulated (trapped) holes at the interface by
electrons diffusing from the external circuit.*” Oxygen
vacancies have been proposed to act as electron traps
and recombination centers.*® If this is the case, the
probability of defect states is expected to be much
higher for a surface with a greater proportion of
terminal oxygen ions. In agreement with theory,*
the highest ratio between the steady state photocur-
rent and the transient photocurrent spike maximum
demonstrating the lowest surface recombination
was observed for the HiPIMS photoanode. For this
photoanode, the extent of backward electron/hole
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Figure 6. (a) Transient photocurrents initiated by the monochromatic (360 nm) light illumination and measured under an
applied potential bias of 1.5 V; (b) models of hematite crystal lattices of (110) and (104) surface terminating planes; the blue,
red, and yellow balls represent iron and oxygen atoms, and oxygen vacancies acting as the surface traps, respectively; (c) IPCE
characteristics; (d) Mott—Schottky plots. All electrochemical experiments were done in 1 M KOH electrolyte.

recombination was reduced owing to the Fe(lll) surface
termination of the (110) plane and its substantially
higher conductivity (Figure 6b). In contrast, this ratio
was lowest for the (104) plane orientation displaying
oxygen termination and the lowest conductivity
among the examined films (Figure 6b). The assumption
of the surface recombination due to oxygen vacancies
was furthermore supported by measuring polarization
curves in the electrolyte containing 0.5 M H,0, intro-
ducing an easily oxidized hole scavenger that readily
capture the photogenerated holes at the electrode/
electrolyte interface. In this way the surface recombi-
nation is efficiently minimized. Current density plots
as a function of applied potential are presented in
Supporting Information Figure S8. Under dark condi-
tions, the water oxidation dark current onsets showed
the same trend (Supporting Information Figure S8a)
as in the situation without presence of H,0, in the
electrolyte as it is seen in the Figure 4. When the
electrodes absorbed light (Supporting Information
Figure S8b), the photocurrent onsets were cathodi-
cally shifted in case of all three electrodes examined,
which is, on the other hand, a common feature of the
photoanodes, when a hole scavenger is applied.*’*®
Then, the photocurrents propagated over the entire
potential range until the water oxidation dark current
onset. A noteworthy increase of the photocurrent
was observed for the PS films when compared
to the photocurrent maxima reached in the bare
NaOH electrolyte (see Figure 4). It indicated that the
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injection barrier (the recombination centers) for the
holes was overcome. To the contrary, a much lower
concentration of defect states was expected for the
HiPIMS electrode having the iron dominated surface
termination. As a consequence, indeed, the photo-
current maxima remained nominally the same apart
from the aforementioned shift of the photocurrent
onset.

Next, the incident photon to current efficiency
(IPCE) was measured over the spectral range of
300—600 nm. The obtained IPCE data are plotted in
Figure 6¢ together with the UV—vis absorption spec-
trum of the HiPIMS photoanode measured by photo-
thermal deflection spectroscopy (PDS).*® The basic
optical properties of the HiPIMS and PS types of
photoanodes were similar, as shown in Supporting
Information Figure S9. The UV—vis absorption spectra
in Figure 6c (filled area beneath the red absorption
curve) qualitatively follow the detected IPCE behavior
between 380 and 800 nm. As expected, the main
trends of the IPCE curves were consistent with the AM
1.5 generated PEC polarization curves (see Figure 4).
The highest IPCE value of 11% at around 350 nm was
achieved with the HiPIMS photoanode. Considerably
worse IPCE values of 4% and only 0.9% were obtained
with the MFS and PS photoanodes, respectively.
Hisatomi et al.>® have attributed a similar decrease
in IPCE to deteriorating charge transport. Thus, this
may explain the results for our fabricated hematite
coatings.
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Figure 7. (a) Water splitting efficiency of the HiPIMS fabricated photoanode expressed as the amount of evolved hydrogen
(green circles) and the long-term stability (orange circles). The measurements were performed by illuminating 2 cm? of the
photoanode's area using AM 1.5 G light source of 100 mW/cm? intensity and with constant applied potential to the hematite
photoanode of 1.5 V versus RHE. (b) Solar-to-hydrogen efficiency calculated according to eq 2.

To further elucidate the electronic properties of the
photoanodes in contact with an electrolyte, electro-
chemical impedance measurements were performed.
These nonilluminated measurements are typically pre-
sented as Mott—Schottky plots, which can be used
to estimate the flat band potential (V¢,) and appar-
ent density of donors (Np) of PEC photoelectrodes
according to the Mott—Schottky equation.”’ The linear
parts of the obtained Mott—Schottky plots are shown
in Figure 6d. From the slopes of the linear extrapola-
tions, the apparent donor densities were calculated as
492 x 10'®,3.62 x 10'®,and 5.42 x 10'"® cm 3, for the
HiPIMS, MFS, and PC films, respectively. These values
are clearly very similar, despite the different plasma
deposition modes used. This is an important result,
which verifies that the superior photoefficiency is not
caused or improved by a high density of majority
carriers, and it furthermore supports the conclusions
derived from the XPS examination. Moreover, over an
extended applied potential region (0.4—1.6 V), the
Mott—Schottky curves exhibited nonlinear behavior,
as shown in the inset in Figure 6d. These nonideal
characteristics have been directly linked to the pre-
sence of surface states in the work by Schrebler et al.>?
This further indicates that the surface states are due to
the oxygen-rich surfaces, since the nonlinear trends of
the Mott—Schottky curves were particularly pro-
nounced for the MFS and PC hematite films (inset in
Figure 6d).

The hydrogen evolution due to the solar-driven
water splitting with the HiPIMS photoanode applied
in the PEC system was measured by gas chromatogra-
phy over a period of 200 min. The amount of photo-
generated hydrogen gas as a function of operating
time is presented in Figure 7a. The graph also contains
the photocurrent values reached during the measure-
ment under the applied voltage of 1.5 V versus RHE,
which was kept constant. The graph denotes suffi-
ciently long time stability of the HiPIMS electrode.
The same electrodes have been repeatedly used dur-
ing one year without any significant changes of their
photoactivity. The Faradaic efficiency was estimated to
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be above 95%, which indicates that most of photo-
generated charges were consumed by the PEC water
splitting reactions. Figure 7b shows the solar-to-hydrogen
efficiency (STH) as a function of applied potential
until the 1.23 V versus RHE. The main issue causing
the low observed STH is viewed in the high photo-
current onset potential, which can, on the other hand,
still be shifted cathodically by several approaches.”**
In this way, the overall photoefficiency would be re-
markably enhanced.

CONCLUSION

In summary, we have developed a powerful method
for reproducibly generating hematite crystalline films
highly oriented along the (110) plane. The hematite
films were synthesized by a reactive magnetron sputter-
ing technique utilizing deposition modes differing in the
energy of ion flux. It was demonstrated that by careful
selection of the deposition plasma parameters, the
energy of heavy ions impinging on the surface of the
substrate can be tuned to control the texture of the
growing films. The highest energy bombarding particles
were achieved with the HiPIMS technique, which gen-
erated hematite films with the desired crystalline align-
ment along the (110) direction. In contrast, the PS and
MFS modes gave significantly lower energy and negli-
gible bombardment, respectively. While the MFS mode
showed no texture effect at all, the PS mode led to
partial preferential orientation of the (104) plane. In
agreement with the (110) texture conductivity predic-
tion, the HiPIMS fabricated photoanodes demonstrated
the highest PEC water splitting activity. In contrast, the
hematite films showing preferential orientation along
the (104) crystalline plane exhibited 10 times lower
photocurrent maxima. The present results would induce
further works enabling the controllable texture of
hematite films and resulting in enhanced PEC perfor-
mances. In this respect, HiPIMS technique is very pro-
mising approach, mainly if other parameters (e.g., cation
doping) will be involved and combined with the texture
related phenomena. Described plasma deposition sys-
tem is suitable for a combination of these highly active
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textured hematite films with various so-called host-
scaffold nanoarchitectures, which would induce further

METHODS

Fe,0s thin films were deposited by DC pulse reactive magne-
tron sputtering of the cathode made of a pure iron target
(99.95%) in a gas mixture of Ar + O,. A circular balanced
magnetron with a target diameter of 50 mm was used. The
magnetron was placed in a high vacuum reactor chamber
continuously pumped by turbomolecular and roughing pump.
A substrate was placed in a distance of 50 mm from the surface of
the iron target. For all the conditions presented in this work, the
total gas pressure and partial pressures of argon and oxygen
were held constant by controlling of their particular mass flow
rate into the reactor chamber. The flow of argon was Qa, =
26 sccm and oxygen Qo = 20 sccm. The total pressure in the
reactor was p = 1.2 Pa. Three different pulsing regimes of
magnetron discharge operation were tested in this deposition
experiment. For all experiments, the total average discharge
current lay, and consequently the average current density jay,
was held constant. The average current and current density were
held on the value /5y = 600 mA and jay = 32 mA/cm?, respectively.
The cathode pulse current density was the main parameter varied
in this experiment. The change of pulse discharge current density,
Jjo. was provided by the change of pulsing frequency, fp, together
with the change of duty factor, d,, of pulsing cycle. The films were
deposited all with the same thickness of t;, = 45 nm in order to rule
out influence of different thickness on structure, texture and other
properties of hematite films. The films were deposited on glass
substrate with SnO:F transparent conductive electrode (FTO,
TCO-7, Solaronix), fused silica substrate, and multilayered sub-
strate consisting of Pt/TiO,/SiO,/Si (Advanced Ceramic Coating
Technology) with the hematite coating on the Pt side.

The crystalline phase of the Fe,0; films was determined by
X-ray powder diffraction (XRD) employing an X'Pert MRD pow-
der diffractometer (parallel beam geometry realized with the
Goebel mirror in the primary beam and parallel plate collimator
and graphite monochromator in the secondary beam) and
using Raman spectroscopy with a Renishaw Raman Microscope
RM 1000 (unpolarized beam in back scattering mode of a
514.5 nm Ar" laser). Optical properties were investigated by
means of photothermal deflection spectroscopy (PDS) based on
the deviation of the laser beam collinearly propagated with the
sample surface. The surface topography images were recorded
by an Ntegra Aura. The cross-section images were obtained with
help of a field emission scanning electron microscope (Hitachi
FE-SEM S4800, Japan). Chemical characterization was carried
out by X-ray photoelectron spectroscopy (PHI 5600, spec-
trometer) using Al Ko monochromatized radiation.

The samples of hematite thin films were characterized by >’Fe
conversion electron Mdssbauer spectroscopy (CEMS) employ-
ing a CEMS2010 spectrometer. The CEMS spectrometer is
equipped with a proportional continuous gas flow counter
filled with a Penning mixture consisting of 90% He and 10%
CH,. A50 mCi 57Co(Rh) Méssbauer y-ray source (14.41 keV) was
used inside the spectrometer. Unfolded spectra were registered
at room temperature to 1024 channels for 3—5 days and then
fitted by the MossWinn 4.0 software package. The CEMS
method enables to selectively characterize iron containing
phases (including amorphous or nanocrystalline) within the
depth of layers up to 300 nm. Moreover, a texture effect (i.e., a
preferential orientation of magnetic moments) can be observed
and quantified through the relative intensity of the second
spectral line of a sextet component.

The photoelectrochemical experiments were carried out
under simulated AM 1.5 (100 mW c¢cm~2) illumination provided
by a solar simulator (300 W Xe with optical filter, Solarlight; room
temperature) in 1 M KOH solution. A three-electrode configura-
tion was used in the measurements, with the iron oxide
electrode as the working electrode (photoanode), an Ag/AgCl
(3 M KCl) as the reference electrode, and a platinum foil as the
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improvement of the overall photoefficiency by a sub-
stantial increase in the light harvesting.

counter electrode. Photocurrent versus voltage (/—V) character-
istics were recorded by scanning the potential from OCP to 0.4 V
(versus Ag/AgCl) with a scan rate of 1 mV s~ using a Jaissle IMP
88 PC potentiostat.

Photocurrent spectra were acquired at an applied potential of
0.5 V (versus Ag/AgCl) in 1 M KOH recorded with 10 nm steps in
the range of 300—700 nm using an Oriel 6365 150 W Xe-lamp
equipped with a Oriel Cornerstone 7400 1/8 m monochromator.
Incident photocurrent conversion efficiencies (IPCE) were cal-
culated by IPCE = (1240iyh)/(Alignd, Where iy, is the photocur-
rent density (mA cm~2), 1 is the incident light wavelength (nm),
and lighe (MW cm~?) is the intensity of light source at each
wavelength. The Mott—Schottky curves were acquired with a
Zahner IM6 potentiostat (Zahner Elektrik, Kronach, Germany).
Measurements were obtained under dark conditions at a
frequency of 500 Hz in 1 M KOH solution. A three-electrode
configuration was used in the measurements, where the
a-Fe,05 electrode served as the working electrode (photo-
anode), a saturated Ag/AgCl as the reference electrode and a
platinum foil as the counter electrode.

The measured potentials versus Ag/AgCl were converted to
the reversible hydrogen electrode (RHE) scale following the
Nernst equation:

Erve = Engjagal +0.059 pH 4 E° g aqci (1

where Egye is the converted potential versus RHE, E°ag/pgci =
0.1976 at 25 °C, and Eag/ngci is the experimentally measured
potential against the Ag/AgCl reference.

The time stability of the hematite photoanodes and the
concentration of produced hydrogen were tested by the follow-
ing setup. Two chamber glass cell with 1 M NaOH water solution
working as the electrolyte was used. Anode and cathode
chambers were separated by the glass frit to prevent mixing
of the electrolyte. Potential of +1.5 V versus RHE was applied to
the sample (working electrode). Platinum sheet was used as the
counter electrode. Each chamber was bubbled by argon gas
(1 mL/min) separately. The illuminated area of the photoanode
was 2 cm?. The chambers were open to air by glass capillary to
avoid mixing with air. Output gas from cathode chamber
(platinum counter electrode) was analyzed by gas chromato-
graph (Master, Dani) equipped with plot column (Rt-Msieve 5A,
Restek) and mTCD detector (Vici).

The solar-to-hydrogen efficiency 5sty was calculated accord-
ing to the eq 2:

st = Jpl(1.23 — Vapp)//o] vl

where J, is the photocurrent density (in mA/cm?), Iy is the
intensity of incident light (in mW/cm?), and Vapp is the applied
potential to the photoanode in (V versus RHE).
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