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Abstract

Photoelectrochemical water splitting using solar energy is a highly promising
technology to produce hydrogen, which offers an environmentally friendly and
renewable fuel with high-energy capacity. This approach requires the development of
appropriate photo-electrode materials, which are low cost and applicable for the
fabrication of large area electrodes. In this work, hematite photoelectrodes are grown
onto highly-conductive and porous SnO; (Sb-doped) ceramic substrates by aerosol
assisted chemical vapour deposition (AA-CVD). For such photoelectrodes, the
photocurrent value of 2.8 mA cm in aqueous 0.1 M NaOH under blue LED illumination
(A= 455 nm; 198 mW cm™) at 1.23 V vs. RHE (reversible hydrogen electrode) is
achieved. This relatively good photoelectrochemical performance of the
photoelectrode is achieved despite the simple fabrication process. Good performance
is suggested to be related to the three-dimensional morphology of the ceramic
substrate resulting in excellent light-driven charge carrier harvesting. The porosity of
the ceramic substrate allows growth of the photoactive layer (SnO;-grains covered by
hematite) to a depth of some micrometers, whereas the thickness of Fe,03-coating on
individual grains is only about 100-150 nm. This architecture of the photoactive layer
assures a good light absorption and creates favourable conditions for charge
separation and transport.
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1. Introduction

The conversion and storage of solar energy in the form of hydrogen (or other) fuel,
carried out by photoelectrochemical (PEC) water splitting [1] is a highly promising
technology to produce environmentally friendly and renewable fuels with high-energy
capacity and low carbon emission [2-5]. The technology is based on photo-electrolysis
of water into O; (at the photo-anode) and H; (at the photo-cathode) on the surface of
suitable photo-active materials under solar illumination. This approach requires the
development of appropriate photo-electrode materials, which should satisfy a number
of conditions such as (i) low cost of production, (ii) suitability for fabrication of large
area electrodes, (iii) strong absorption in the right region of the spectrum of solar
radiation, (iv) a suitable band edge position for reduction/oxidation of water, and (v)
high chemical stability for long term operation in agueous environments [1-8]. To find
a photo-electrode material suitable for commercial production of hydrogen, many



chemical compounds and materials have been engineered and tested [7-43]. However,
this task has not been totally resolved at the present time.

A promising candidate for photo-anode applications is a-Fe;0s (hematite), which has a
suitable band gap (~2 eV) capable of absorbing up to 40% (or higher in tandem cells) of
the incident solar light [13]. Hematite possesses good stability in harsh aqueous media,
is non-toxic, low cost, and is earth abundant. The theoretical maximum solar-to-
hydrogen efficiency for hematite can reach 15%, while 10% is already enough for
practical applications [4]. In theory, this material can produce a photocurrent density
of ca. 4 mA cm2 (for single pass flat interfaces) or up to ca. 12 mA cm=2 (for nano-
structured interfaces) under AM 1.5 solar spectral illumination [6]. However, poor
electrical conductivity of un-doped hematite (ca. 10'* ohmlcm™® [4]), fast
recombination of photo-generated electrons and holes [12,14], a short hole diffusion
length (~2-4 nm [15] or even 0.5-1.5nm [16]) and slow surface kinetics associated with
the formation of oxygen [17] result in these photocurrent values not being achieved in
practice.

To surmount these drawbacks of hematite, a number of approaches have been
attempted, including doping of hematite to increase conductivity [2], application of
nano-textured conductive substrates for more efficient charge collection [18], the
integration of an ultrathin under-layer at the interface of substrate and hematite film
[16,19], heterojunctions to enhance a charge carrier collection [20,21],
surface/interface  passivation layers for reduced surface/interface charge
recombination [22], and catalyst adsorption for accelerated interfacial water oxidation
kinetics [23-25]. The highest photocurrent density (4.68 mA cm? in aqueous 1 M NaOH
at 1.23V vs. RHE under AM 1.5 illumination) has been reported for hematite
nanostructured photoanode synthesized via the electrochemical method and modified
with Ag nanoparticles and Co—Pi cocatalyst [26]. Gratzel and coworkers reported 2.2
mA cm™ under similar conditions [27] and more recently 3.12 mA cm? for surface
treated hematite [28]. However, for the photo-anode of pristine hematite, usually the
photocurrent density does not exceed 1 mA cm2 [2-5, 29-31].

To fully exploit the potential of hematite in PEC water splitting, harvesting of solar light
by the photoanode should be the fullest possible, whilst fabrication methods should be
based on low cost procedures and materials. We set out to investigate whether this
condition can be met when a thin Fe;Os-film is deposited over porous and conductive
substrate formed from SnO, ceramics. This approach to obtain an improved hematite
photoelectrode can be considered as a variant of the “host-guest” strategy [32-35],
which is based upon a 3D porous support material for majority carrier conduction
(“host”) and has many thin layers of the photoactive material (“guest”).

The choice of SnO; as the main component of ceramics for substrate has been made
considering the reports in literature that Sn-doping of hematite results in photocurrent
increases [36-40]. Sn dopant serves as an electron donor and increases the charge-
carrier density of hematite [38]. Therefore, heat treatment of Fe;0s film deposited on
Sn0; ceramics can lead to Sn** substitution at Fe3* sites in hematite and give a positive



effect on photocurrent. SnO; is an n-type semiconductor, and so its grains form a
conductive path for electrons through the ceramic substrate.

To test this new and relatively simple approach to photoelectrode production
(photocatalytic film deposition onto volume- and porous conductive ceramics), porous
Sn0;-Sb,0s5 ceramics were synthesized as the substrate and the hematite coating was
applied by Aerosol Assisted Chemical Vapour Deposition (AA-CVD). The novelty of our
work is based on using simple, conductive, and porous volume ceramics as substrate to
host the hematite coating. To the best of our knowledge, such photoanodes are
reported here for the first time. The three-dimensional morphology and the porosity
of ceramics result in a strongly enhanced harvesting of solar light without additional
complexity in the fabrication process. Moreover, visible solar radiation can
penetrate/diffuse into volume of such ceramic substrate or at least into its near-
surface layer, because the band-gap of SnO; is about 3.6 eV [31], which makes this
oxide transparent for visible solar light (360-740 nm). In this report, the results for
electrochemical testing, as well as structural and morphological characterization of the
new photoelectrodes are presented and discussed. Further optimization of the ceramic
substrate and the hematite coating for further improvements in the photoelectrode
will be possible in the future.

2.Material and methods

Ceramic substrates in the form of discs (radius 9 mm and height 3-4 mm) were
prepared from 99 mol% SnO; — 1 mol% Sb,0s ceramics by the conventional oxide
mixture method using distilled water [44]. The powders of tin and antimony oxides (99
and 1 mol% respectively) were mixed and milled in an agate mortar for 45 min with
distilled water. The donor dopant of Sb,0s was used to improve conductivity of the
Sn0O;-ceramic substrate. The purity of starting oxides was not less than 99.5%. After
wet-milling and drying (120°C for 2h), the resulting powder was pressed into discs 9
mm in diameter and 3-5 mm in thickness at an axial pressure of approximately 150
MPa using hydraulic CARVER press. Next, the pressed oxides were sintered in air at
1300°C for 1 h with a slow heating and cooling rate of 2 degree/min.

Iron(Ill) 2,4-petaneodinate from Sigma-Aldrich dissolved in ethyl alcohol (1.13 mol/L)
was used as a hematite precursor. The film deposition was performed in a cold wall
reactor at 350°C and atmospheric pressure using N; as carrier gas at a flow rate of 1.38
L/min to deliver the hematite precursor aerosol produced by ultrasonic nebulization to
the substrate. The samples were subsequently annealed at 550°C for 1 h in air with a
heating/cooling rate of 3°C/min in a Thermolyne furnace. After that, the Ag electrode
was printed with quick-drying silver paste (05002-AB, SPI Supplies) on the side of the
ceramic substrate not covered by hematite film and dried at 50°C for 2h. Then this Ag
electrode was soldered to an insulated wire, and the contact area was covered with
silicone glue (Fig.1, see the inset). The geometric surface areas of hematite
photoanode grown on the ceramic substrate and on the ITO substrate were 0.62 cm?
and 1.5cm?, respectively. These values were used to calculate the photocurrent
density of different electrodes.



Electrochemical measurements were performed with a Keithley 2410 unit connected
as a potentiostat in the three-electrode configuration (a Pt-wire counter electrode, the
hematite photoanode as the working electrode with area of 0.62 cm?, and a
Radiometer REF201 reference electrode with a saturated KCl reference system).
Potentials versus reversible hydrogen electrode (RHE) were calculated using the Nernst
equation Egye =E, 00 +0.0991x pH +0.1976 V . Electrolyte solutions were 0.1 M

NaOH in demineralised water ( pH =12.65). The light chopping frequency was set at
0.03 Hz. Light was generated by the blue LED (455 nm, Thorlabs M455L2) emitting
radiation with the power density of 198 mW cm at the wavelength of 455 nm. The
power density of LED radiation was estimated by the laser power meter OPHIR with a
PD200W-SH head having the aperture of 1 cm?.

The incident photon-to-current efficiency (IPCE) was calculated using the equation
IPCE (1) =|J ,, (MA/cm?)| x1239.8(V x nm) /[Py, (MW /cm?) x 2(nm) |, where 3 ,, - was

the photocurrent density registered for the photoelectrode under light with the
wavelength 4 and the intensity B, .
The current-voltage characteristic for Sn02-Sb,0s5 ceramics was recorded in air by two-
probe method utilizing a Keithley-2410 source meter. For this experiment, the Ag
electrodes were formed on both sides of the ceramic substrate. The dc conductivity
(g) of ceramics was estimated from the expression g=Gd/S where Gis the dc
conductance of sample, and d and S are the thickness and the cross-section of a
sample, respectively.

The morphology of the materials was evaluated by scanning electron microscopy
(SEM, TESCAN Vega 3) with the Bruker detector for energy-dispersive X-ray
spectroscopy (EDS). The X-ray diffraction (XRD) pattern was recorded using a Bruker
AXS D8 Advance diffractometer with CuKa radiation (A\=1.542 A) operated at 40 kV and
30 mA. Phase identification was performed using the ICDD PDF-2 database (ICDD —
International Centre for Diffraction Data, Newtown Square, PA). The photoacoustic
absorption spectra of the synthesized materials were obtained in the spectral
region 400-850 nm by the use of a conventional photoacoustic spectrometer
equipped with a high power 1000 W Xenon lamp (Oriel, 6271) [45]. The
radiation from the lamp was focused onto a monochromator (Oriel, 77250) and
the monochromatic beam then passed through a variable-frequency light
chopper kept at 17 Hz. With the help of optical fibers, the monochromatic light
was focused onto the samples placed into a closed photoacoustic cell fitted with
an electret microphone. The photoacoustic signal was sent to a lock-in amplifier
(Stanford Research Systems, SR850).

The density (D) of Sn02-Sb20s ceramics used for substrates was estimated by
Archimedes' principle: D=D,m,/(m,—m,) where D, is the density of water; and m,

and m, are the mass of sample in air and in water, respectively.



3. Results and Discussion

After annealing at 550°C for 1 h in air, the hematite films on ceramic substrates have a
bright orange colour typical for a-Fe;Os (Fig. 1, see the inset). The bare ceramic
substrate has a dark grey colour. The XRD pattern (Fig. 1) shows the presence of the
rhombohedral hematite phase in and tetragonal SnO,. The Sb-phases are not detected
because their concentration is below the detection limit by XRD.

Scanning electron microscopy (SEM) images for the front side of photoelectrode
(ceramic substrate covered by hematite) and for the reverse side (bare ceramic) are
shown in Fig. 2a and Fig.2b, respectively. As seen in Fig.2b, the ceramic substrate
possesses high porosity. The density of tin dioxide ceramics used for the substrate is
about 5.77 g cm?, while the theoretical density of SnO; is 6.95 g cm™. A high porosity
of material is favourable for penetration of the hematite precursor and growth of
Fe20s films on grains within the bulk of the ceramic substrate. This was confirmed by
the energy-dispersive X-ray spectroscopy (EDS) data presented in Fig.2.

The EDS elemental map of the Fe distribution in cross-section of photoanode shows a
layer with high concentration of Fe which formed on the surface of ceramic substrate
and in its volume, near substrate surface (Fig.2d). The thickness of this photoactive
layer (a bright red area in Fig.2d) varies and is in the range of 3-20 um. As can be seen
in Fig.2d, there are Fe-atoms throughout the entire volume of the ceramic substrate.
However, their number is much higher in the area near the surface of the
photoelectrode (Fig.2d). We conclude that a photoactive layer is formed mainly on
surface of the ceramic substrate and in its subsurface volume to a depth of about 3-20
um. The size of the SnO; grains covered by hematite is about 500 nm (Fig. 2a), whereas
the grains without Fe,0Os-coating in ceramics on the reverse side of photoelectrode are
smaller and about 200-300 nm (Fig. 2b). This suggests that the thickness of hematite
film on the grains is about 100-150 nm.

Cyclic voltammograms recorded for the hematite photoanode immersed in 0.1 M
NaOH electrolyte under chopped blue light of LED Thorlabs M455L2 (198 mW c¢cm™ at
A=455nm) exhibited a photocurrent value of 2.8 mA cm™ at 1.23V versus RHE (Fig.3,
curve 1). These photocurrent values are reproduced as well if light of the LED is
permanently turned on (Fig.3, curve 3). The reported photocurrent value of 2.8 mA cm-
2 at 1.23 V vs. RHE corresponds to the IPCE value of 3.8% estimated at the wavelength
of 455 nm.

To be sure that PEC performance of the photoelectrode is not a result of some
photoelectric processes in the Sn0,-Sb,0s ceramic, cyclic voltammorgrams for ceramic
substrate not covered by hematite were recorded (Fig.4). In this case, only a relatively
low photocurrent about 7.5uA cm™ at 1.23 V versus RHE is observed (Fig.4, see inset).
Thus, the PEC performance of the obtained photoelectrode is related to its hematite
coating. As seen in Fig.4, dark current in Sn0,-Sb,0s ceramics without hematite is
relatively high and is about 0.1 mA cm™ at 1.23 V vs. RHE. This shows that Sn0,-Sb,0s
ceramic is a good conductor. The current-voltage characteristic registered for SnO»-
Sb20s ceramics in air by two-probe method is linear and the conductivity value is about
1.7 Ohm*em™.



To find out the contribution of the ceramics morphology to the PEC performance of
the hematite photoanode, a hematite film is grown on glass substrates coated with tin-
doped indium oxide (ITO) by AA-CVD under the same conditions. For the hematite
photoelectrode grown on ITO, the photocurrent density is only about 0.07 mA cm™ at
1.23 V vs. RHE (Fig.5, curve 1) and the corresponding IPCE value at the wavelength of
455 nm is about 0.1%. These data show that higher PEC performance of the hematite
photoanode grown on ceramics is achieved due to specific properties of the substrate.

The SEM and EDS data suggest that the high photocurrent exhibited by the hematite
photoelectrode grown on Sn0,-Sb,0s ceramics can be attributed to its excellent light
harvesting caused by 3D morphology of substrate. The porous photoactive layer of
several micrometres thick (the bright red area in Fig.2d) can harvest solar light very
well, while its thickness (3-20 um) does not affect diffusion and recombination of
photo-generated charge carriers in hematite, because the Fe,0s-coating on individual
ceramic grain remains thin (about 150 nm or less). In additional, good harvesting of
light with this photoelectrode is caused as well by small grain sizes (200-500 nm) in
Sn0O; ceramics, which are comparable to wavelength of visible solar radiation (360-740
nm). Such a morphology of the photoactive layer results in a good harvesting of visible
solar light, and so a high photocurrent density is observed.

Optical absorption properties of the Fe,03 electrodes grown on the ceramic substrate
and on the ITO are estimated from the data of photoacoustic spectroscopy (Fig.6). The
hematite photoanode grown on the ceramic substrate, exhibits improved harvesting of
photons (of about 2 eV) when compared to the electrode grown on the ITO substrate
(Fig. 6, curve 2 and 3). The estimation of the band gap based on these spectra suggests
a value of approximately 1.9 eV for hematite on the ITO substrate (Fig. 6, curve 3). This
value is in good agreement with literature values of 1.9-2.5 eV [46—48].

4. Conclusions

Hematite photoelectrodes grown on highly-conductive and porous SnO, (Sb-
doped) ceramic substrates by AA-CVD technique are reported. Relatively high
PEC performance of these photoanodes (2.8 mA cm™ at 1.23 V vs. RHE) is
attributed to excellent light harvesting of the photoactive layer (SnO;-grains covered
by hematite), which is porous and grows in substrate volume to a depth of about 3-20
pum, whereas the thickness of Fe;Os-coating on individual grains is only about 100-150
nm. This architecture of the photoactive layer assures a good light absorption and
creates favourable conditions for charge separation and transport. This combination of
photoelectric properties is achieved due to using porous and conductive SnO-Sb;0s
ceramics as substrate.

The results reported here show that an application of conductive and porous ceramics
as substrate for photocatalytic materials can be promising to achieve enhanced
photocurrents for hematite photoelectrodes. In contrast, with nano-textured
substrates, the preparation of these ceramic substrates is easier and cheaper, and this
can be important for the fabrication of large area photoelectrodes for practical
applications. Further engineering of ceramic substrate (for example doping, heat



treatment, method of synthesis) will lead to further improvements in the PEC
performance of photocatalytic coating.
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Fig.1. XRD pattern for the Fe203 photoelectrode grown on ceramic
substrate. The image of its front and reverse sides is presented on
the inset.
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Fig.2. SEM micrographs of the photoelectrode: (a)hematite coating on Sn02-Sb20s
ceramics; (b)Sn02-Sb20s ceramics on reverse side of photoelectrode; (c) cross-sectional of
photoelectrode; (d) EDS elemental map of the Fe distribution in ceramic substrate for the
selected area (red square) in (c).
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Fig.3. Cyclic voltammetry (scan rate 2.5 mV s™) for a
hematite photoelectrode at the increase potential (curves
1 and 3) and its decrease (curve 2). Curve 1 was recorded
under chopped blue light (0.03 Hz), curve 2 when the light
was off (the dark current) and curve 3 when blue light was
permanently on.
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Fig.5. Cyclic voltammetry (scan rate 2.5 mV s™!) for a
hematite photoelectrode grown on ITO substrate at the
increase potential (curve 1) and its decrease (curve 2).
Curve 1 was recorded under chopped blue light (0.03 Hz),
and curve 2 when light was off (the dark current).
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Fig.4. Cyclic voltammetry (scan rate 2.5 mV s) for SnO»-
Sb20s ceramics under chopped blue light (0.03 Hz) at the
increase potential. The inset presents a part of the same
cyclic voltammetry in magnification.
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Fig.6. The photoacoustic spectra for the bare ceramic

substrate (curve 1), for hematite electrode formed on the

ceramic substrate (curve 2) and for hematite electrode
grown on the ITO substrate (curve 3).



