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Abstract 

Photoelectrodes capable of cost-effective hydrogen production on a large scale, via photoelectrochemical 
water splitting under solar light, could offer an elegant solution to many current problems of humankind 
caused by over-reliance on fossil fuels and the resulting environmental pollution. The search and design 
of low-cost photoelectrode materials and substrates for practical applications are required. In this work, 
unmodified hematite photoanodes grown by metal-organic chemical vapor deposition (MO-CVD) onto 
CuO-Sb2O5-SnO2 ceramic substrates are reported. The deposition time of hematite precursor varied 
between 10 min, 60 min, and 90 min. The photoanode grown for 60 min exhibits the highest photocurrent 
density recorded at 1.23 V vs RHE (reversible hydrogen electrode): 4.79 mA/cm2 under blue light of 
Thorlabs LED M455L2 (455 nm), 0.41 mA/cm2 under the radiation of the real sun in Mexico, and 0.38 
mA/cm2 under AM1.5G solar simulator conditions. The high porosity of CuO-Sb2O5-SnO2 ceramics permits 
the permeation of the hematite precursor into the substrate bulk, which results in 3D-growth of a thin 
Fe2O3-coating (50 nm or less) on conductive SnO2-grains in the ceramics to a depth of ca. 5 µm. The thick 
photocatalytic layer (SnO2-grains coated by hematite) of several micrometers assures a good light 
harvesting by the photoelectrode, while the nano-sized Fe2O3-films on conductive SnO2-grains is favorable 
for charge diffusion. This architecture of the photoelectrode results in good photoelectrochemical 
characteristics and is promising for further development.    
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1. Introduction 

The depletion of fossil fuels, global warming, and environmental pollution make the shift away 
from fossil-based energy sources towards environmentally friendly and renewable ones inevitable. In this 
context, the development of solar energy technologies is a very attractive path to resolve the current 
problems of humankind and to satisfy future energy needs [1-7].  

The direct harvesting of solar energy, its conversion, and storage in the form of hydrogen fuel can 
be realized via photoelectrochemical (PEC) water splitting. During this process, water molecules on the 
surface of photo-active materials under solar light dissociate into oxygen (at the photoanode) and 
hydrogen (at the photocathode), the latter of which can be used as high-energy and environmentally 
friendly fuel. However, to date, the practical application of this technology to produce hydrogen is 
hindered for a number of reasons mentioned hereafter. To achieve high performance in PEC water 
splitting, the active photoelectrode material should meet a number of special requirements, such as high 
stability in an aqueous environment, strong light absorption in the visible region of the spectrum of solar 
radiation, a suitable band edge position for reduction/oxidation of water, and a solar-to-hydrogen (STH) 
efficiency of 10% or higher [1-3, 8-11]. In addition, the photoelectrode cost should be relatively low for 
large-scale production. This means the restriction in using noble metal catalysts (like platinum, gold or 
iridium), as well as a limitation in the application of complicated production technologies that need 
expensive equipment. To date, photoelectrodes meeting all these requirements and having a low cost for 
large scale manufacturing for example on low cost ceramic substrates, have not been developed to the 
best of our knowledge.   

According to the literature [1-21], hematite (α-Fe2O3) is one of the most promising photocatalytic 
materials for photo-anode applications. Particularly pioneering contributions by Grätzel and coworkers 
have progressed this field [22-24]. For the hematite photoelectrode, the theoretical maximum 
photocurrent density is ca. 12 mA cm−2 (for nano-structured interfaces) at 1.23 V versus RHE, which 
corresponds to the STH efficiency of 15% under AM 1.5 solar spectral illumination [25]. However, the 
highest photocurrent density which has been reported to date for hematite photoelectrodes was only 
4.68 mA cm2 at 1.23 V vs. RHE under the standard AM1.5G solar light illumination [26]. This 
photoelectrode was synthesized via the electrochemical method and modified with Ag nanoparticles and 
Co–Pi cocatalyst. For the unmodified photo-anode of pristine hematite, the photocurrent registered at 
1.23 V vs. RHE does not usually exceed 1 mA cm-2 under one sun illumination [27-34]. This suggests that 
the potential of this material has not been exploited fully at the present time, and the higher PEC 
performance of α-Fe2O3 photoelectrode can be achieved.    

One of the approaches to improve the PEC performance of photoelectrodes can be the 
engineering of the conductive substrate and/or its optimization under certain photoactive material [18-
20]. For example, the photoelectrodes fabricated according to the so-called “host-guest” strategy [35-41] 
involve the engineering of the conductive substrate aiming to increase their active surface area and to 
improve electron collection. This is usually reached by forming the hierarchical structure of electrodes 
when one layer or multilayers of photocatalytic material (“guest”) are deposited on the substrate (“host”) 
with a high surface area. In this case, the photoactive material can be deposited on the surface by thin 
layers that are favorable for hole diffusion, while a good light harvesting and the electron collection are 
assured by 3D relief of conductive substrate and by multilayers of the photocatalytic coating. To date, 
such substrates have been obtained, for example, as:  thin mesoporous SiO2 host template coated with a 
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conductive thin layer of TiO2 to support the α‐Fe2O3 film [36]; highly porous SnO2 nanosheet arrays 
sandwiched within TiO2 and CdS quantum dots [37]; 3D porous niobium doped tin oxide electrodes 
fabricated by atomic layer deposition [38]; self-assembled 6 nm nanocrystalline Sb-doped SnO2 spheres 
onto glass during a multi-step coating procedure [39]. The approach of “host-guest” strategy was 
implemented, for example, in the fabrication of gold nanorod substrate which was grown inside the 
aluminum oxide membrane to provide a conductive and nanostructured surface acting as the current 
collector [41]. The hematite photoelectrode grown on this Au-substrate showed a record high value of 
photocurrent, about 8 mA/cm2 (at 0.6 V vs. Ag/AgCl) under 1 sun illumination. However, such technologies 
to form 3D-structured substrate involved relatively complicated fabrication procedures and/or the 
utilization of expensive materials, such as Pt or Au. This hinders the application of such substrates in large-
scale production of photoelectrodes which requires more simple and low-cost technologies.  

Recently, we reported conductive and porous SnO2-Sb2O5 ceramics as a promising candidate to 
be used as substrates (“host”) for photocatalytic coating of hematite [42] and bismuth vanadate [43]. It is 
worth mentioning here that tin dioxide is widely used to prepare different optoelectronic devices and 
composite materials, for example, perovskite solar cells [44-47], varistors [48-50], gas sensors [51-53]. For 
the photoelectrodes prepared in [42], the hematite coating was grown by the aerosol-assisted chemical 
vapor deposition (AA-CVD). SnO2-Sb2O5 ceramics applied as a substrate have been sintered at relatively 
high temperature (1300◦C), which assures good electric contacts between grains and opens a possibility 
of additional heat treatment of photoelectrode at high temperature. The porosity of ceramics permits the 
growth of the photoactive layer (SnO2-grains covered by photocatalytic material), not only at surface of 
the substrate, but also within it at depth. The conductive nano- and macro-grains form an electrical path 
for electrons through the ceramic substrate that assures their collection. Tin dioxide is transparent for 
visible solar light (360-740 nm) due to its wide bandgap (about 3.6 eV [34]). This suggests that the near-
surface layer of the SnO2 substrate can be transparent for visible radiation. In this case, the photocatalytic 
coating formed in the substrate volume is active and makes its contribution to the photocurrent. The 
unmodified hematite and bismuth vanadate photoelectrodes grown on these substrates exhibit a 
relatively high photocurrent, 2.8 and 1.1 mA/cm2 respectively at 1.23 V vs. RHE under blue light of 
Thorlabs M455L2 LED [42,43]. 

In the present work, the improved hematite photoelectrodes grown by the MO-CVD-technique 
on porous and conductive Sb2O5-SnO2 ceramics modified by CuO are reported. The addition of CuO to the 
substrate was observed to improve performance and is not studied in any detail here. This report 
examines the hematite coatings as photo-active component. The photocurrent density of obtained 
photoelectrodes reaches about 4.79 mA/cm2 at 1.23 V vs. RHE under blue light of Thorlabs M455L2 LED 
(455 nm, 198 mW cm-2) or 0.38 mA/cm2 under the AM1.5G solar simulator conditions. The incident 
photon-to-current efficiency is 6.59% at the wavelength of 455 nm. The reported results are discussed 
based on the data of scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-

ray diffraction (XRD), and photoelectrochemical measurements under the AM1.5G- and the sun- 
radiation.      

   

2. Material and methods  

  Ceramic substrates to host hematite coating had a form of circular discs (9 mm in diameter 
and 3 mm in thickness) and were prepared from CuO-Sb2O5- SnO2 ceramics sintered in the furnace 
CTF 17/300 in air by heating up to 1300°C followed by cooling down to room temperature. The 
rate of heating and cooling was 5 degrees/min. The initial oxides — SnO2 (99 mol %), Sb2O5 (1 mol 
%), and CuO (0.2 mol %)— had purity not less than 99.5 % and were purchased from Sigma-Aldrich. 
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These oxides were mixed, dried and pressed into discs before sintering in the furnace as described 
in [39,40].  The density of sintered material was estimated by the Archimedes method [42]. 
  The hematite coatings were grown on SnO2 ceramics substrates by the metal-organic chemical 
vapor deposition technique at 380 °C [54]. The deposition time was varied for different samples and 
was in the range of 10-90 min. The metalorganic precursor source was Iron(III) 2,4-pentanedionate 
purchased from Sigma-Aldrich. The crucible-container was tuned at the temperature of 159 °C. The 
vaporized precursor was transferred into a horizontal cold-wall CVD chamber by employing air as carrier 
gas at flow rate 1.3 L/min. The basal pressure inside the chamber was kept at 17 torrs. Subsequently, the 
resulting samples were annealed in a Thermolyne furnace in air at 550 ◦C for 1 h. The rate of heating and 
cooling was 5◦C/min. The geometric surface area of the prepared hematite photoanode was 1.13 
cm2. The Ag-electrodes to connect the photoelectrode to the external electrical circuit were 
formed on samples as described in [42,43]. 

Electrochemical measurements were performed with an Autolab PGSTAT204 potentiostat 
coupled with the FRA32M module which was controlled by software Nova 2.1.4. The standard three-
electrode configuration (the hematite photoanode as the working electrode, a Pt-wire as the counter 
electrode, and a Radiometer REF201 reference electrode with a saturated KCl reference system) was used. 
The electrolyte solution (pH = 12.65) was 0.1 M NaOH in demineralized water. Potentials versus standard 
hydrogen electrode (SHE) and reversible hydrogen electrode (RHE) were recalculated from the equation 
(1) given in the user manual for REF201 and from the Nernst equation (2): 

ESHE = EAg/AgCl + 0.199 V                                                                                           (1) 

ERHE = EAg/AgCl + 0.0591 × pH + 0.1976 V                                                               (2) 

The blue LED (455 nm, Thorlabs M455L2) with the light chopping frequency of 0.03Hz was used as a source 
of light. Its emitting radiation (198 mW cm-2 at the wavelength of 455 nm) was estimated by the laser-
power meter OPHIR with a PD200W-SH head. In addition, the photoelectrodes were tested under the 
radiation of the solar simulator PICO G2V (AM1.5G) with a spectral bandwidth of 350nm – 1100nm (79.1 
mW/cm2) and of the Sun in Mexico (17°48′14″N 97°46′33″O) at 12am., March 23rd, 2020.  The incident 
photon-to-current efficiency (IPCE) was calculated from the following equation [55]: 

             IPCE(λ) = ІJph(mA/cm2)І × 1239.8 (V×nm) / [Plight(mW/cm2) × λ(nm)],              (3) 

where Jph - is the photocurrent density registered under radiation with the wavelength λ and the intensity 
Plight.   

Electrochemical impedance spectra (EIS) were registered by the Autolab unit in the frequency 
range from 0.01 Hz to 1 kHz using the ac signal with an amplitude of 10 mV at the fixed DC voltage of 1 V 
vs. RHE. In this experiment, the photoelectrode was irradiated by the blue light of the LED Thorlabs 
M455L2. Impedance data analysis was performed with Zview software (Scribner, US) with an equivalent 
circuit based on a Bisquert#3 transition line element with a resistor in series.  

         To evaluate the morphology of the materials, scanning electron microscopy (SEM, TESCAN Vega 
3) coupled with the Bruker detector for energy-dispersive X-ray spectroscopy (EDS) were used. The X-ray 
diffraction (XRD) patterns were recorded by a PANalytical Empyrean diffractometer (CuKα radiation with 
λ = 1.5406 Å) operated at 45 kV and 40 mA with a Pixel detector in Bragg-Brentano geometry. The scans 
were performed in the 2θ range from 10 to 100◦ with a scan step of 0.016◦ and 10 s per step in continuous 
mode. In addition, the XRD pattern for the photoelectrode grown for 10 min was recorded as well for the 
second time using the grazing incidence mode at an angle of incidence 0.1°, in the range of 2θ from 20 to 
90° with a scan step of 0.02◦ and 1 s per step. The identification of the crystalline phases was performed 
by applying the Inorganic Crystal Structure Database (ICSD).  
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Surface chemical analysis of the materials was performed by X-ray photoelectron spectroscopy 

(XPS) using an Escalab 250Xi Thermo Scientific K-Alpha system equipped with a monochromated AlKα X-

ray source. All signals were calibrated using the C 1s peak at 284.8 eV identified with the adventitious 

hydrocarbon present on the sample surface. For these measurements, an energy step size of 0.1 eV, a 

pass energy of 20 eV, and a spot size of 650 μm were used. Prior to the XPS analysis, the samples were 

introduced into the load lock and degassed to pressures close to 1×10−8 mbar for 12 h. Subsequently, the 

materials were inserted into the analysis chamber where measurements were taken at a residual pressure 

of ca. 8×10−9 mbar. 

 

3. Results and discussion 

Morphology and structure 

The XRD patterns for bare CuO-Sb2O5-SnO2 ceramics applied as a substrate to grow the hematite 
photoelectrodes are shown in Fig. 1a. In this material, the presence of the tetragonal SnO2 phase is 
detected only (Fig. 1a). The Cu- and Sb-phases have not been found because of low concentrations of 
CuO- and Sb2O5-additions (0.2 mol% and 1 mol% correspondently), which are below the detection limit of 
the diffractometer. 

The XRD analysis of ceramics with photocatalytic coating grown at 10 min precursor deposition 
does not reveal any Fe-phases, despite the clear visual observation of a bright red layer typical for 
hematite on a ceramic substrate (inset in Fig. 1b). For this photoelectrode, only the tetragonal SnO2 phase 
relating to the substrate is detected. A repeat study in the grazing incidence mode has not discovered any 
additional phases in this photoelectrode as well (Fig. 1b). The probable reason for this will be discussed 
below. However, for the photoelectrodes grown at 60 min and 90 min precursor deposition, Fe2O3 in the 
rhombohedral phase and SnO2 in the tetragonal phase are found (Fig. 1c and Fig. 1d).  

The SEM micrographs of bare CuO-Sb2O5-SnO2 ceramics are presented in Fig. 2a. The bare CuO-
Sb2O5-SnO2 ceramics have a density of 6.27 g/cm3, possess small grains with sizes in the range 200-900 
nm, and are highly porous. The average pore size is about 100 nm but in some places can reach almost 1 
µm. The SEM micrographs of surfaces of the hematite photoelectrodes grown at different deposition time 
are shown in Fig. 2b-2d. For the photoelectrodes grown at precursor deposition for 10 min (Fig. 2b), the 
grains with hematite coating have almost the same sizes as in bare ceramics (Fig. 2a). This suggests that 
the thickness of hematite coating on individual grains is very thin, about several nanometers.  

For the thin film of hematite precursor, a few nm in thickness, the crystallization of Fe-phases can 
be hindered and so some part of iron oxide can remain in the amorphous state. This reason and a low 
quantity of Fe2O3 can be responsible for why Fe2O3 phases have not been detected by XRD-analysis of the 
photoelectrode grown for 10 min (Fig. 1b) despite this photoelectrode has the red-color coating, which is 
clearly visible on the substrate surface (inset in Fig. 1b) and is typical for hematite.   

For photoelectrodes grown at larger deposition time (60 min or 90 min), the difference in sizes 
between grains of bare ceramics (Fig. 2a) and ones covered by hematite (Fig. 2c or Fig. 2d) is more notable. 
For the hematite photoelectrode grown for 90 min, the smallest grains have a size of about 300 nm (Fig. 
2d), while ones in bare ceramics are only about 200 nm (Fig. 2a). This leads to the conclusion that the 
thickness of hematite film on individual SnO2 grain can be near 50 nm for this photoelectrode. For the 
case of the hematite photoelectrode grown for 60 min (Fig. 2c), the Fe2O3 layer on individual grain can be 
ever thinner.   
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The EDS data for hematite photoelectrode grown at 60 min precursor deposition are presented 
in Fig. 3. The elemental map of Fe- and C- distribution shows non-uniformity of hematite coating on the 
photoelectrode surface (Fig. 3b). This can be seen as well from the estimation of Fe-atomic concentration 
made for different locations in the studied area (Fig. 3b). Moreover, as can be seen in the increased image 
of the individual grain in Fig.3b, hematite coating can be non-uniform on surfaces of the individual SnO2 
grain as well. In addition, there are surface areas on some individual grains which are covered by carbon 
more strongly than by hematite (Fig. 3a). This suggests that the thickness of the hematite coating differs 
in the distinct points of the same photoelectrode. These photoelectrode features probably result from 
3D-relief and porosity of ceramic substrate leading to non-uniform precursor flow and distribution above 
its surface.  

The EDS elemental map of photoelectrode cross-section (Fig. 3c) shows that the active 
photocatalytic layer (SnO2 grains covered by hematite) has a thickness of about 5 µm for the photoanode 
grown at 60 min precursor deposition. This estimation is confirmed by the data showing the intensity 
change of Fe signal along a line crossing the photocatalytic layer of the photoelectrode (Fig. 3e).  However, 
the high porosity of ceramics and the presence of large micropores lead to deeper penetration of hematite 
precursor into ceramics in some places of the substrate (Fig. 3c). This is clearly seen as well in Fig. 3d, 
showing the C distribution in a cross-section of photoelectrode. The high concentration of carbon is 
observed mainly on the surface and in a near-surface volume of photoelectrode, while it is negligible deep 
in the substrate. This shows that the metalorganic precursor of hematite is the main source of carbon 
detected in the photoelectrode.  

The EDS mapping of all photoelectrodes grown onto CuO-Sb2O5-SnO2 ceramics shows that the thickness 

of the photocatalytic layer is not changed substantially if the deposition time of the hematite precursor is 

in the range from 10 to 90 min and is close to 5 µm.  For the hematite photoelectrodes which were grown 

onto the Sb2O5-SnO2 ceramic substrates [42], the thickness of the photocatalytic layer was larger, reaching 

up to 20 µm in some places. However, the Sb2O5-SnO2 ceramic substrate was more porous than the CuO-

Sb2O5-SnO2. These data suggest that the depth of precursor penetration into the ceramic substrate is 

mainly determined by its morphology (porosity and grain size). The CuO-addition results in that CuO-

Sb2O5-SnO2 ceramics having higher mechanical strength and density than Sb2O5-SnO2 ceramics, 6.27 g/cm3 

and 5.77 g/cm3, respectively. However, the electrical conductivity of the CuO-Sb2O5-SnO2 substrate is 

lower than that of the Sb2O5-SnO2 one, 0.012 and 0.017 S m-1, respectively. 

X-ray photoelectron spectroscopy analysis was carried out to analyze the surface chemistry of the 

hematite photoanodes grown for 90, 60, and 10 min on antimony-doped SnO2 substrates. The 

corresponding survey spectra and the comparative Fe2p-,  Sn3d-, and  O1s-scans recorded for these 

photoanodes are shown in Fig. 4S (Supplementary Materials). The Fe2p-scans for the photoelectrodes 

grown for 90, 60, and 10 min have a similar shape shown in Fig.4a. However, the relative intensity of the 

Fe-signal for the photoelectrodes grown for 10 min is lower than that of those grown for 60 and 90min 

(Fig.4S b). This is can be explained by the lower hematite content deposited on the photoelectrode surface 

for 10 min compared to those deposited for 60 and 90min. The Fe-signal for the photoelectrode grown 

for 60 min contains the Fe2p3/2 and Fe2p1/2 as main peaks centered at binding energies of about 711 eV 

and 725 eV, respectively (Fig.4a), which is in accordance with the literature data [56-59].  The Fe2p3/2 - 

signal is accompanied by a satellite peak centered at 719 eV (Fig.4a). This shakeup satellite most likely 

exists due to the presence of a Fe3+ species [57-60]. However, the recorded scan in Figure 4a does not 

contain evidence of the presence of Fe2+, which should appear as the rise of Fe-signal at 716eV [57]. These 

data suggest that the concentration of Fe2+ species is negligible on the photoelectrode surface.  
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The Sn-signal for the photoelectrode grown for 60 min contains the Sn 3d3/2 and Sn 3d5/2 peaks 

which are centered at 495.2eV and 487 eV, respectively (Fig.4b). The position of Sn3d5/2 peak at 487 eV 

suggests that the Sn-doping on hematite coating is negligible. Otherwise, this peak should be observed 

close to 486eV [59, 60]. 

The O1s and Sb3d signals recorded for the hematite photoelectrodes grown on SnO2 ceramics 

doped by Sb are overlapped (Fig. 4c). Both these spectra recorded for the photoelectrodes grown for 60 

and 90 min look very similar (curves 1 and 2 in Fig.4c). However, they differ from the spectrum obtained 

for the photoelectrode grown for 10 min (curve 3 in Fig.4c). The difference is observed at binding energies 

of about 540 eV and 531 eV (Fig.4c) and, as can be seen in Figure 4d, is related to the presence of the 

Sb3d3/2 and Sb3d5/2 – peaks in the spectrum of the photoelectrode grown for 10 min. The Sb3d3/2 and 

Sb3d5/2 peaks are centered at binding energies of about 540.5eV and 530.3eV, respectively (Fig.4d). These 

peaks cannot be considered as a sign of Sb-doping on hematite coating, because they are not observed 

for the photoelectrodes grown for 60 and 90 min (Fig.4c, curves 1 and 2). Therefore, their origin probably 

belongs to the ceramic substrate which was not covered totally by hematite for 10 min-deposition. 

The deconvolution of the O1s-signal is presented in Figure 4d and three peaks centered at 529.9, 
531.2, and 532.3 eV are shown. According to [60], the peak at 529.9 eV is caused by the metal-oxygen 
bonds, while the 531.2eV and 532.3 eV peaks correspond to the superficial bridging and terminal OH-
groups respectively. 

Photoelectrochemical characteristics 

The values of photocurrent density showed by the hematite photoelectrodes at 1.23 V vs RHE 
under blue LED light (455 nm, 198 mW/cm2) in 0.1 M NaOH electrolyte are presented in Fig. 5 as a function 
of deposition time. The herein reported values of photocurrent density were taken from plots recorded 
under the permanent LED illumination. The maximum photocurrent (4.79 mA/cm2) is observed for 
photoelectrodes grown at the deposition of hematite precursor for 60 min. The correspondent incident 
photon-to-current efficiency estimated for this photoelectrode at the wavelength of 455 nm is 6.59%. For 
photoelectrodes prepared at the same condition but with shorter or larger deposition time (10-90 min), 
the photocurrent density is lower (Fig. 5). Taking note of almost the same thickness of the photocatalytic 
layer in all photoelectrodes grown at precursor deposition for 10-90 min, the distinct photocurrent values 
can result from different thicknesses of hematite coating on individual grains. According to literature data, 
an optical thickness for pure hematite is 45 nm at a wavelength of 400 nm [61], and a diffusion length is 
around 2–4 nm [62] or even shorter (0.5–1.5 nm [63]). Consequently, the very thin hematite coating on 
SnO2 grains which was obtained at a short deposition time (<60 min) is not assured a good light absorption. 
In turn, the thick hematite films which were grown at large deposition time (>60 min) hamper the hole 
diffusion to the photoelectrode surface.    

The photoelectrodes grown for 60 min have the highest photocurrent response because they 

possess the most favorable thickness of hematite coating for light absorption and hole diffusion among 

all obtained photoelectrodes. Their hematite coating on individual grains reaches the thickness (~50 nm) 

comparable with an optical thickness reported for hematite and, at the same time, is thinner than coatings 

of other photoelectrodes grown at larger deposition time (> 60 min). This combination assures their good 

PEC-performance. 

The data of linear sweep voltammetry typical for the hematite photoelectrode grown for 60 min 
and exposing the highest photocurrent (4.79 mA/cm2 at 1.23 V vs. RHE) are presented in Fig. 6 (curves 1-
3). The inset in Fig. 6 shows the photocurrent recorded for the bare substrate (the ceramic substrate not 
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covered by hematite) under chopped blue LED’s light. As seen, the photocurrent for the bare substrate is 
about 18 µAcm-2 at 1.23 V vs RHE that is negligible in comparison with the photocurrent showed by the 
hematite photoelectrode. This shows that the PEC performances of the reported herein photoelectrodes 
are related mainly to their hematite coating.  

Under chopped blue light (curve 2 in Fig. 6) the photoelectrode shows higher photocurrent (5.2 
mA/cm2 at 1.23 V vs. RHE) than in the case when blue light is kept permanently turned on (curve 3 in Fig. 
6). The observed difference in photocurrent values is probably related mostly to the effects of hole 
accumulation on the hematite surface. This supposition follows from the behavior of photocurrent-time 
dependency recorded at a fixed potential of 1.23 V vs. RHE under the radiation of the AM1.5G solar 
simulator (Fig. 7a). As seen in Fig. 7a, the photocurrent under the solar radiation is 0.38 mA/cm2 at the 
beginning of the record and then decreases with time for 15 min up to 82.3% of its initial value. However, 
after this, the photocurrent recovers up to 96.6% of its initial value after the rest under dark conditions 
for 14 min during which the accumulated charge has been partially dissipated (Fig. 7a).  The dark current 
in the hematite photoelectrode is about 0.0037 mA/cm2(Fig. 7a). Under the real sun the photocurrent is 
0.41 mA/cm2 at 1.23 V vs RHE (Fig. 7b). In this regard, it is important to point out that these PEC-
parameters have been shown by unmodified hematite photoelectrode without any catalyst, and they are 
nevertheless comparable or higher than one reported for some modified hematite electrodes [37, 64].     

 

Electrochemical impedance measurements 

The porous ceramic substrate without hematite film was immersed into 0.1 M NaOH and 
impedance data recorded from 1000 Hz to 0.01 Hz with amplitude 10 mV at 1.0 V vs. RHE. The porous 
nature of the ceramics is revealed in a relatively high capacitance. The data conforms approximately to a 
simple RC equivalent circuit but is modelled here with a transmission line model to allow comparison to 
the hematite coated electrodes. The transmission line model uses the Bisquert#3 element [65] with a 
resistor R2 in series to represent contributions from solution resistance. The transmission line (see Figure 
8a) has a set of elements R1 (resistivity in the ceramic substrate), a set of elements R3 (interfacial electron 
transfer resistance), and a set of capacitors (lumped to Ctotal to represent total interfacial capacitance).  

The key parameters for the bare electrode are R2 = 11.2  and Ctotal = 23.9 mF. The resulting time constant 

for charging of the interface can be calculated as  = R2 × Ctotal = 0.27 s. As a result, high frequency 
information for the hematite films cannot be obtained, but nevertheless clear impedance data for 
illuminated hematite samples are obtained. 

Fig. 8a shows the impedance data represented as Nyquist plot recorded for the hematite 
photoelectrodes grown at 60 min time of precursor deposition (in 0.1 M NaOH, 10 mV amplitude, LED 

illuminated at  = 455 nm, applied potential 1.0 V vs. RHE). These data represent experimental data (black) 
and their fitting (green) to the equivalent circuit model shown in Fig. 8a. There are three frequency 
regions: (I) in the high frequency region only the series resistor R2 is detected; (II) in the middle frequency 
range the porous ceramic is charged up which leads to transmission line behaviour represented by R1 and 
C; (III) in the low frequency range the hematite photoactivity is detected as a semi-circle with R3 
representing charge transfer and C representing the total interfacial capacitance (ceramic and hematite 
together) [66-69]. Water oxidation is the photo-reaction taking place at the interface of the hematite 
coating and electrolyte.  As seen in Table 1 with the fitting results, all three photoelectrodes grown at 10 
min, 60 min, and at 90 min have increases R2 resistors compared to the R2 value for the bare ceramic. 
This may be linked to hematite reducing the pore size and therefore increasing the impedance between 
the ceramic and the surrounding solution. Data for the hematite coatings in the transition line model 
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compare well with the data for bare ceramic substrate. Values for R1 show a slight decrease whereas Ctotal 
shows an increase linked to the higher active surface area with illuminated hematite. The charge transfer 
resistor R3 is very high for bare ceramic, bit then decreases with hematite deposition, which is associated 
with improved oxygen evolution.  

Table 1. The fitting results of EIS data for the hematite photoelectrodes (in 0.1 M NaOH, 10 mV 

amplitude, LED illuminated at  = 455 nm, applied potential 1.0 V vs. RHE, in brackets fitting error in %).  

Photoelectrode 

 

R1 / Ohm R2 / Ohm R3 / Ohm Ctotal / mF 

#0  

(bare ceramic) 

26.6 (4%) 11.2 (1%) 8180 (30%) 23.9 (1%) 

#1  

(10 min) 

27    (3%) 29.8 (1%) 94.7 (1%) 39.1 (1%) 

#2  

(60 min) 

14.6  (4%) 28.2 (1%) 45.8 (1%) 41.4 (2%) 

#3  

(90 min) 

15.9   (3%) 25.2 (1%) 47.4 (1%) 37.2 (1%) 

 

The estimation of the flat band potential for the hematite photoanode grown at 60 min deposition 
were attempted from the Mott-Schottky analysis (without illumination using 10 Hz frequency). The flat 
band potential is obtained as -0.68 V vs SHE or -0.32 V vs RHE, which agrees with the literature data, which 
is generally cited in the range from -0.77 V to -0.43 V vs SHE for undoped hematite [69-73]. However, due 
to the time constant for interfacial charging this value may predominantly reflect the flat band potential 
for the SnO2 ceramic substrate [74,75]. Due to these complexities in the presence of the porous substrate 
combined with porous hematite deposit, calculation of donor concentration data was not attempted.  

 

4. Conclusion 

Hematite photoanodes grown by the MO-CVD technique onto CuO-Sb2O5-SnO2 ceramics acting as 
high-porous and conductive substrate are reported. The presence of hematite in rhombohedral phase is 
confirmed by XRD analysis.  The XPS analysis shows the presence of Fe3+ species on the photoelectrode 
surface and the absence of the Sn-doping on hematite coating. The PEC-performance of the 
photoelectrodes strongly depends on deposition time of hematite precursor. The highest photocurrent 
(in 0.1 M NaOH; 4.79 mA/cm2 at 1.23 V vs RHE under blue light of Thorlabs LED M455L2) is observed in 
the photoanode grown for 60 min. Under radiation of real sunlight and the solar simulator (AM1.5G, 79.1 
mW/cm2), the photoelectrodes exhibits 0.41 and 0.38 mA/cm2 at 1.23 V vs RHE, respectively.  

The thickness of the photocatalytic layer (SnO2-grains covered by hematite) does not notably 
change in the photoelectrodes grown at deposition time varying from 10 to 90 min and remains close to 
5 µm. Therefore, it can be concluded that (i) the depth of precursor penetration into the ceramic substrate 
is mainly determined by ceramics morphology (porosity and grain size); (ii) an alteration in the PEC-
performance of the photoelectrodes grown at different deposition time of precursor is related to the 
different thickness of hematite coating on individual grains. For the photoelectrodes showing the highest 
photocurrent, this thickness is less than 50 nm. 
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The good PEC-performance of obtained photoanodes results from their specific architecture: thin 
Fe2O3-coating with the thickness of 50 nm or less is deposited on conductive SnO2-grains forming the 
active photoactive layer into the ceramic substrate up to 5 µm depth, while connected SnO2-grains are 
forming a conductive path for electrons. This architecture assures favorable conditions for hole diffusion 
in hematite to the electrolyte and good light harvesting at the same time. The further engineering of 
ceramic substrates can improve the PEC-performance of such hematite photoelectrodes, the 
development of which is a promising path to make large-area photoelectrodes for practical application.   
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Fig.1. XRD patterns for the Fe2O3 photoelectrodes grown on CuO-Sb2O5-SnO2 ceramic substrate at 

different deposition time of precursor: (a) bare substrate; (b)10 min; (c) 60min; (d)90min. The inset 

presents the image of the front side of photoelectrode grown for 10-min.    
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Fig. 2. SEM micrographs for (a) bare CuO-Sb2O5-SnO2 ceramics and (b-d) ceramics with hematite coating 

grown at different deposition time: (b) 10min, (c) 60min, and (d) 90min. 
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Fig. 3. EDS data for the hematite photoelectrode grown for 60min: (a),(b) the front side in the area shown 

in (c);  (d), (e),(f) — in cross-section where (e) is the intensity change of Fe -signal along a line crossing the 

photocatalytic layer.  
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Fig.4. XPS spectra of (a)Fe2p-, (b) Sn3d-, and (c),(d) O1s-scans  rerecorded on surface of the hematite 

photoelectrodes. The signals in (a), (b), and the fitted O1s-signal in (d) were obtained for the 

photoelectrode grown for 60min. The O1s-scans showed in (c) were recorded for the photoelectrodes 

grown for 90 min (curve 1), 60 min(curve 2), and 10 min (curve 3).  
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Fig.5. The photocurrent density registered at 1.23V vs. RHE under blue LED’s light in 0.1 M NaOH 

electrolyte for hematite photoelectrodes grown at different deposition time of precursor. The bars show 

the deviation of photocurrent values from their average values obtained for photoelectrodes grown at 

the same deposition time. 
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Fig.6 Cyclic voltammetry (scan rate 2.5 mV s−1; 0.1 M NaOH electrolyte) for a hematite photoelectrode 

grown for 60min. Curves were recorded at the increase of potential under dark condition (curve 1), under 

chopped blue LED’s light (curve 2), and when blue light is kept permanently turned on (curve 3). The inset 

shows the photocurrent for bare ceramic substrate recorded at the increase of potential under chopped 

blue LED’s light.  
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Fig. 7. Photocurrent-time dependency recorded at 1.23V vs RHE in 0.1 M NaOH electrolyte for the 

photoelectrode grown for 60 min under (a) the AM1.5G- and (b) the Sun- radiation alternating with dark 

condition.   
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Fig. 8. Photoelectrochemical impedance data recorded at 1.23V vs RHE in 0.1 M NaOH electrolyte for 

the photoelectrode grown for 60 min under LED illumination. (A) Nyquist plot and equivalent circuit 

(transmission line based on model Bisquert#3); (B, C) Bode plots. The experimental data are presented 

by blue dots with a red line and fitting results— by a green line. 

 

 

 

 

 

 


