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We report the controlled layer-by-layer growth by the directed assembly of Prussian blue to form (via
thermolysis) a functional hematite coating on the grain surfaces of porous CuO-Sb,0Os-SnO, ceramics.
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1. Introduction

Developing modern sensors, photoelectrodes, and other func-
tional components requires the ability to engineer the physical
and chemical properties of material surfaces using simple and
cost-effective chemical methods. Surface modification of sen-
sor materials using specific coatings can significantly improve
their sensitivity and selectivity to analytes, enabling detection
with improved accuracy and reliability."”” This type of surface
modification is particularly important for oxide ceramics,
which are widely used as photoanodes or sensors to detect
gases, pressure, humidity, and temperature.®> ™ In the design of
photoelectrodes, a functional coating or a co-catalyst layer on
the surface can increase their ability to absorb light or enhance
the kinetics of surface reactions, resulting in improved effi-
ciency in converting light into electrical energy.'®>°

One of the promising low-cost methods to create a func-
tional coating on the surface of host materials is a ‘directed
assembly’ of charged multi-layers on a host surface.”® This
approach was proposed®® to grow redox-active multilayers of
Prussian blue (PB) and Ruthenium purple on the surfaces of
materials. In a proof-of-concept experiment,>® a gold electrode
was alternately immersed into solutions with the positively
charged ferric cations (Fe*") and negatively charged ferrocya-
nide Fe(CN)s*~ anions, which reacted and formed a layer-by-
layer of the coordination polymer, Prussian blue. The repetition
of this procedure resulted in a multilayer coating on the host
surface. Thus, the thickness of the Prussian blue coating can be
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controlled by the experimenter with monolayer precision.>®
This favourably distinguishes the directed assembly method
from self-assembly”’ > or other spontaneous processes of
deposition.***®

In the present work, we apply the directed assembly method
to grow a functional layer of Prussian blue (which is then
converted thermally to hematite) with nanometre thickness
control on the grain surfaces in porous electrically conducting
CuO-Sb,05-Sn0, ceramics. It is shown that the thickness of
this coating determines the photocurrent in the obtained
photoanode structure. The aim of this work is to test the
application of the direct assembly method for the controlled
molecular-level engineering of grain surfaces in oxide ceramics,
with the goal of producing useful coatings for sensory and
photocatalyst applications. Specifically, this approach can be
used to modify the photoactive surface of hematite photoelec-
trodes grown on SnO,-based ceramics.’>*® Such hematite
photoelectrodes, grown using the metal-organic chemical
vapor deposition (MO-CVD) technique on a free-standing sub-
strate made from CuO-Sb,05-SnO, ceramics, exhibit relatively
high photocurrent (0.56 mA cm > at 1.23 V vs. RHE under
AM1.5G radiation), making them promising candidates for
further development.*®

In this study, we demonstrate the feasibility of creating a
functional nanometric coating (Fe,O; photocatalytic layer) on
CuO-Sb,05-Sn0, ceramics using the direct assembly method.
The reported structures and materials are discussed based on
the data from photoelectrochemical and electrochemical impe-
dance measurements, Raman spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDX). Routes to improve the
performance of sensor materials are considered.
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2. Experimental

Electrically conducting CuO-Sb,0s-SnO, ceramics
obtained by sintering a mixture of CuO (0.2 mol%), Sb,Os
(1 mol%), and SnO, (98.8 mol%) at 1300 °C in air, as previously
described.’**® All oxides were purchased from Sigma-Aldrich
and had a purity of not less than 99.5%. The CuO-Sb,05-SnO,
substrates prepared here were in the shape of circular discs
with a diameter of 12 mm and about 2 mm thickness. Before
Prussian blue deposition, the ceramic substrates were cleaned
under a flow of nitrogen gas, then placed on the glass plate
covered with paraffin film (Bemis, “M”, Fisher Scientific UK
Ltd), and heated to 185 °C for 5 min on a hotplate (Fig. 1(a)).
The melted paraffin sealed one side of the ceramic substrate
reserving it for the Ag-contact needed later for external connec-
tions. Next, the ceramic substrate was alternately immersed for
60 s in a solution of (a) 40 mM K,Fe(CN)s in 0.1 M HNO; with
negatively charged ions of Fe(CN)s'~, (b) then in deionized
water to rinse, (c) in 40 mM of Fe,(SO,); in 0.1 M HNO; with
positively charged ions of Fe*', and finally (d) in deionized
water. As a result of this treatment cycle, the coordination
polymer Prussian blue was formed layer-by-layer on the ceramic
surface. The repetition of this procedure resulted in the growth
of additional Prussian blue layers. The characteristic blue
colour of Prussian blue clearly emerged after five treatment
cycles and is seen as a dark blue colour after 26 cycles (Fig. 1(c)
and (d)). The samples with Prussian blue coatings were
annealed in air at 600 °C for one hour to form a hematite film
(Fig. 1(e)). During annealing at 600 °C, the backside of the
ceramic substrate reserved for Ag-contact was cleaned with
paraffin. The Ag-contact on the ceramic substrate was formed
with a quick-drying paste (SPI Supplies, 05002-AB) and soldered
to an insulated wire for external connections. Afterwards, the
substrate area with Ag-contact was sealed again with hot
paraffin (Bemis, “M”).

Electrochemical measurements were performed using a
microAutolab III potentiostat in a three-electrode configu-
ration: the sample was the working electrode, a Pt-wire served
as the counter electrode, and a KCl-saturated calomel (SCE)
electrode was the reference one. The electrochemical impe-
dance spectroscopy (EIS) data were obtained using a ModuLab
XM PhotoEchem unit. The measurements were conducted over
a frequency range of 0.01 Hz to 100 kHz, with an AC signal
amplitude of 20 mV and an applied DC voltage of 1.23 V vs.
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Fig. 1 (a) Schematic representation of the prepared sample; (b) bare

ceramic substrate; (c) the sample with Prussian blue coating (26 treatment
cycles) in the top view, and (d) in the cross-sectional view after being
broken; (e) sample with hematite coating (26 cycles of Prussian blue
deposition) formed after annealing at 600 °C.
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RHE. The fitting of the experimental data was performed using
Zview 4 software in the frequency range from 0.01 Hz to 10 kHz.

The electrolyte solution of 1 M NaOH in demineralized water
(pH = 13.65) was employed. Potentials versus reversible hydro-
gen electrodes (RHEs) were calculated using the Nernst equa-
tion, Erpg = Escg + 0.0591 x pH + 0.2415 V, where Escg is the
experimentally measured potential against the SCE. The inci-
dent photon-to-current efficiency (IPCE) was estimated using
the equation IPCE(1) = | Jon(mA cm™>)| x 1239.8(V nm)/
[P(mW cm?) x 4 (nm)], where ], is the photocurrent density
in the photoelectrode under light with intensity P and wave-
length 1. The light sources used were an LED (Thorlabs
M365LP1; 365 nm) and the solar simulator was PICO G2V
(AM1.5G; 350-1100 nm), providing light intensities of
248 mW cm 2 and 86.6 mW cm 2, respectively.

X-ray diffraction (XRD) patterns were recorded using a
RIGAKU Oxford Diffraction SuperNova equipment. Scanning
electron microscopy (SEM) images and elemental mapping
were obtained with a field emission scanning electron micro-
scope (JEOL JSM-7900F) with an UltiMax energy dispersive X-ray
(EDX) detector. Raman spectroscopy was performed with a
Renishaw inVia Raman Microscope using 532 nm laser radia-
tion with a power of 2 mw.

3. Results and discussion

Raman spectroscopy data for a bare CuO-Sb,05-SnO, substrate
and the one with a red Fe,O;-coating formed after annealing
at 600 °C (1 h) are presented in Fig. 2. The signal for the
bare substrate shows the Raman shifts at approximately 117.5,
238.5, and 624.9 cm ™" (Fig. 2, curve 1), which are attributed
to Sn0,.""™ The registered Raman shifts at 238.5 and
624.9 cm™ ', along with a broad shoulder-type band at approxi-
mately 440-470 cm ™', are indicative of oxygen vacancies in tin
oxide.*"** In turn, the signal obtained for the sample with a red
coating (Fig. 1(e)) contains the peaks with maxima at 224.3,
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Fig. 2 Raman spectra recorded on the surface of the bare CuO-Sb,0s5—
SnO; substrate (curve 1) and the one with hematite coating (curve 2).
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245.9,292.3, 410.9, 499.3, 612.7, and 1317.1 cm™* (Fig. 2, curve 2),
which are typical for hematite.*> The broad bands observed at
approximately 800-836 cm™* and 1030-1130 cm ™" are attributed
to adsorbed oxygen.*® The peak near 659 cm ™' is likely caused by
defect-induced scattering in the solid solutions and corresponds
to the Raman-forbidden longitudinal optical Eu mode of hema-
tite, as previously reported.*””*° Thus, the obtained Raman data
confirms the presence of hematite on the substrate surface after
annealing the sample coated with Prussian blue in air at 600 °C
for 1 hour.

The XRD patterns recorded for the sample with a red
hematite coating (Fig. 1(e)) are presented in Fig. 3. They clearly
show the presence of only the tetragonal SnO, phase (00-077-
0447), while the hematite signal is very weak (see the zoomed-in
area in Fig. 3). The Cu and Sb-phases remain unobserved, most
likely due to their low concentrations being below the detection
limit of the diffractometer.

SEM micrographs of the bare ceramic substrates and those
covered with a Prussian blue coating or hematite are presented
in Fig. 4. All obtained structures have high porosity. There is no
significant difference in particle size/porosity when comparing
the bare ceramics and the coated ceramics. In bare ceramics,
the majority of grains have sizes from 300 to 800 nm (Fig. 4(a)).
However, some grains with sizes in some micrometres are also
found in CuO-Sb,05-SnO, ceramics (Fig. 4(f)). As previously

- =- Sno,
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Fig. 3 XRD patterns of the CuO-Sb,05-SnO, ceramic substrate with
hematite coating. The zoomed-in area is highlighted in colour. The blue
labels indicate the SnO, signals, while the red labels—the expected Fe,O3
signals.
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reported,* the bare CuO-Sb,05-SnO, ceramics have an average
pore size of about 13.9 nm, a surface area of 1.343 m* g}, a
density of about 6.27 g cm > and have an electrical conductivity
of 120 S m '. The surfaces of the ceramic grains in bare
ceramics are smooth (Fig. 4(a)), in contrast to the grains
covered with Prussian blue (Fig. 4(b)) or hematite (Fig. 4(d)),
which have a 3D relief.

Prussian blue grows over the entire surface of the grain as a
coating with many nanometric agglomerations (Fig. 4(b)). In
ceramics exposed to the precursors for 26 treatment cycles, the
average thickness of the PB covering is about 100 nm. It is
worth noting herein that the grain boundaries and surface in
the oxide ceramics are characterized by the presence of lattice
mismatches, point defects and impurities, which can possess
an electrical charge or cause localized states capable of trap-
ping electrons.’>*! This suggests that the electric charges
localized at the grain surface can attract precursor ions during
deposition by the directed assembly method. As a result, we
visually observe the growth of the Prussian blue coating on the
ceramic substrate (Fig. 1(c)). Prussian blue is converted to
hematite by subsequent annealing at 600 °C in air for 1 hour.

SEM and EDX data for the CuO-Sb,05-SnO, ceramics with
hematite coating are presented in Fig. 4(c)-(h). The degree of
surface coverage and hematite thickness are dependent on the
number of treatment cycles used during the coating growth of
Prussian blue, allowing their control by the experimenter. This
is demonstrated using SEM micrographs obtained for struc-
tures with hematite coating formed after 10 cycles (Fig. 4(c))
and 26 cycles (Fig. 4(d)) of Prussian blue deposition. As can be
seen, the thickness of Fe,O; coating on individual grains is
approximately 40 nm after 26 cycles (Fig. 4(d)), whereas it is
only around 15 nm after 10 cycles (Fig. 4(c)).

The hematite coating on the surface of the ceramic grain
contains some nanometric inhomogeneities which look like
some agglomerations or crystal nuclei (Fig. 4(d) and (e)).
Probably, this is a result of the initial agglomerations presented
in the PB coating (Fig. 4(b)).

The data from EDX analysis reveal the non-uniform distri-
bution of Fe-atoms in the cross-section of the sample. An
increased concentration of Fe atoms is observed mainly on
the surface of the ceramic substrate, as well as in its near-
surface region winding down to about 2-3 pm (Fig. 4(g)). This
can also be seen from the intensity changes of the Fe-signal
along a line crossing near the surface area (Fig. 4(h)). Thus, the
EDX data suggest the presence of a hematite coating on ceramic
grains located on the substrate surface and also in the near-
surface region. The growth of the Fe,O; coating inside the
substrate is a result of the diffusion of the hematite precursor
(Prussian blue precursors) during deposition into the substrate
(Fig. 1(d)), promoted by the high porosity of the CuO-Sb,0s5-
SnO, ceramics and capillary effects.

SEM data demonstrate that the hematite coating covers the
grain-boundary regions between adjacent grains in CuO-
Sb,05-Sn0, ceramics (Fig. 4(d)). This suggests that the appro-
priate nanometric coating grown by the directed assembly
method in the grain boundary regions can enhance or make
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Fig. 4 SEM and EDX data for (a) bare CuO-Sb,05-SnO, ceramics, (b) ceramics with Prussian Blue deposited for 26 cycles, (c)-(h) ceramics with
hematite coating where (c)-(f) show the surface, (g) and (h) — show the cross-section, and (h) shows the intensity changes of the Fe-signal along a yellow

line crossing near the surface area. Hematite was formed from PB depositionfor (c) 10 and (d)—(h) 26 cycles.
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a more selective sensor response of SnO,-based ceramics,
which electrical conductivity is controlled by grain-boundary
potential barriers. Coating such ceramics with hematite can
increase the potential barrier at the grain boundary.** This, in
turn, facilitates the largest increase in conductance of these
materials when reducing gases are introduced. Surface inter-
action leads to a decrease in the total negative charge at
the grain boundary and, accordingly, to a reduction in the
height of the grain-boundary potential barrier (¢). As a result,
the electrical conductance (G) of these ceramics increases
and can be detected due to an exponential dependency
between G and ¢.>>' For example, the application of a nano-
metric hematite coating could improve the performance of
Sn0,-Bi,05-C030,~-Nb,05-Cr,03; ceramics, e.g. in humidity
sensing.”® The modification of the potential barriers control-
ling the conductivity of the structure through the use of surface
coatings is a widely employed approach reported in numerous
papers.”?

The structures reported herein (the CuO-Sb,05-SnO, cera-
mics) are highly electrically conductive materials (120 S m™*)
with a linear current-voltage characteristic.'® If the conductivity
of oxide ceramics is too high, the grain-boundary potential
barriers collapse.”® Therefore, CuO-Sb,05-SnO, ceramics are
not suitable for sensor applications. However, the photocataly-
tic response of the obtained CuO-Sb,05-SnO, ceramics with
functional Fe,O3 coating can be tested in the photoelectrode
approach by linear sweep voltammetry.

For this experiment, the junctions formed between CuO-
Sb,05-Sn0O, ceramics and the Fe,O; coating, as well as between
hematite and the NaOH electrolyte, can be illustrated using the
schematic band diagram shown in Fig. 5. In the illuminated
photoelectrode, the absorbed photons excite electrons (e")
from the valence band of hematite to the conduction band
(Fig. 5). The holes (h") generated in the valence band migrate to
the surface of hematite, where they participate in the oxidation
of water, resulting in the formation of oxygen gas. Simulta-
neously, the photogenerated electrons in the conduction band
move towards the substrate and traverse the junction between
the Fe,O; coating and SnO,-based ceramics, entering the
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Fig. 5 Energy diagram for PEC water splitting with a hematite photo-
anode grown on SnO,-based ceramics. The applied external bias, the top
of the valence band (E,), the bottom of the conduction band (E.), and the
Fermi level (Ef) are indicated.
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substrate (Fig. 5). They then travel through the conductive
ceramic grains and enter the external electrical circuit, progres-
sing towards the counter electrode. At the counter electrode,
these electrons participate in the reduction of water, potentially
leading to the production of hydrogen gas.

The corresponding data from linear sweep voltammetry
recorded for bare ceramics and those covered with hematite
are presented in Fig. 6(a). The samples of bare ceramics exhibit
a photocurrent density of about 0.22 mA cm ™2 at 1.23 V vs. RHE
under chopped blue LED light (365 nm), while ceramics with
hematite coating show a significantly higher photocurrent
density of 5.4 mA cm™? under the same conditions (Fig. 6(a),
curves 1 and 3). Thus, the functional Fe,0;-coating increases
the photo-response of the material by more than 24 times. The
photocurrent in this hematite photoelectrode under AM1.5G
radiation reaches 0.12 mA cm ? at 1.23 V vs. RHE. The
corresponding IPCE values estimated at a wavelength of
365 nm are 7.4% for ceramics with hematite coating and
0.3% for bare ceramics. Such a significant difference in the
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Fig. 6 (a) Cyclic voltammetry curves in aqueous 1 M NaOH for bare

ceramics (curve 1) and for ceramics with hematite coating under dark
conditions (curve 2) and chopped blue LED-radiation (curve 3); (b) the
photocurrent density registered under blue LED light at 1.23 V vs. RHE in
ceramics with hematite coating grown for different numbers of treatment
cycles.
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photoresponse of the obtained materials demonstrates the
promising potential of nanometric functional coatings formed
by the directed assembly method for the engineering of photo-
electric properties of SnO,-based ceramics.

The data presented in Fig. 6(b) show the correlation between
the photocurrent and the thickness of the hematite coating for
the samples prepared by varying the number of treatment
cycles in the deposition of the Prussian blue precursor. As
can be seen, the photocurrent increases with increasing cycle
numbers from 5 up to 26, reaches a sharp maximum for
26 treatment cycles and then starts to decrease (Fig. 6(b)). This
photocurrent behaviour can be explained by the varying thick-
nesses of the hematite coating obtained in the samples pre-
pared with different numbers of treatment cycles during PB
deposition.*® The highest photocurrent is observed when the
thickness of the hematite coating in the samples obtained after
26 treatment cycles is about 40 nm (Fig. 4(d)), which is close to
the optical thickness for pure hematite (45 nm at a wavelength
of 400 nm*°). The photoelectrode photocurrent is lowering if:
(i) the Fe,O3 coatings become thinner than the optical thick-
ness of hematite (45 nm) and cannot assure a good light
absorption;>* or (ii) the Fe,0O5-coatings become so thick that
the transfer of the photogenerated charge is hindered due to a
short diffusion length of the holes in hematite (0.5-1.5 nm*>®).
Thus, an increase in the thickness of hematite coating has the
opposite effect on the absorption of light and the transfer of a
photogenerated charge. Probably, the Fe,O; coating formed
after 26 treatment cycles has a thickness having the most
favourable conditions for charge transfer and light absorption
in the obtained porous structures. Thicker films produce lower
photocurrents under these conditions. Thus, the photore-
sponse of the obtained structures strongly depends on the
thickness of the hematite coating grown on the surface of the
CuO-Sb,05-Sn0, ceramics.

The electrochemical impedance spectroscopy data pre-
sented in Fig. 7 illustrate the impact of the hematite coating
on the physicochemical properties of the tested structures,
particularly in the low-frequency region (<1 Hz). As observed
in the Nyquist plot (Fig. 7(a)), both bare ceramics and those
covered with hematite exhibit capacitive reactance, which can
be attributed to the porous nature of the ceramic substrate.

The impedance plots obtained under dark conditions for
ceramics with Fe,O; coating (Fig. 7(a), curves 3 and 5) are
shifted downward along the Z"-axis compared to the one for
bare ceramics (Fig. 7(a), curve 1). Furthermore, this shift is
more pronounced in the plot recorded for ceramics with
hematite coating deposited for 26 treatment cycles (Fig. 7(a),
curve 5) than in the plot for 10 cycles (Fig. 7(a), curve 5). A
similar impedance behaviour is also observed for the obtained
materials under LED radiation, as seen in Fig. 7(a) with curves
2, 4, and 6. Thus, coating CuO-Sb,05-SnO, ceramics with
hematite alters the electrical impedance of the material, and
these changes are sensitive to the amount of hematite depos-
ited on the surface.

The experimental EIS-data (Fig. 7(a)) were fitted using the
Bisquert#3 element®®®” shown in Fig. 7(c), and the obtained
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Fig. 7 (a) Nyquist and (b,c) Bode plots of the EIS data for different

photoanodes: bare ceramics (curves 1 and 2), ceramics covered with
hematite in 10 treatment cycles (curves 3 and 4), and in 26 cycles (curves
5 and 6). Curves 1, 3, and 5 were recorded under dark conditions and
curves 2, 4, and 6 under blue LED-radiation for the photoelectrodes at
123V vs. RHE in a 1 M NaOH electrolyte. Bode plots of the experimental
data in (b and c) are presented by blue dots with a red line and fitting
results—by a green line. The used equivalent circuit (transmission line
based on model Bisquert#3) is shown in (c).

results are presented in Table 1. Additionally, Fig. 7(b) and (c)
display the fitting plots obtained from the EIS data recorded
under light conditions for the hematite photoanode grown in
26 treatment cycles.

In the used model (Fig. 7(c)), a resistor R2 in series repre-
sents contributions from solution resistance, while the trans-
mission line consists of 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 as Cyq to
represent the total interfacial capacitance). As observed in
Fig. 7(b) and (c), the impedance in the high-frequency region
is mainly determined by the series resistor R2. In the middle-
frequency range, the porous ceramic undergoes charging,
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Table1 The fitting results of EIS data for the photoelectrodes in 1 M NaOH under dark conditions and under blue LED radiation (0.01 Hz—-10 kHz, 20 mV

amplitude, applied potential 1.23 V vs. RHE, in brackets fitting error in %)

Dark conditions

Under LED radiation

Photoelectrode

R1/Ohm R2/0hm R3/Ohm

C/mF R1/Ohm R2/0Ohm R3/Ohm C/mF

Bare ceramics

resulting in a transmission line behaviour represented by R1
and C elements in the equivalent circuit. In the low-frequency
range (<1 Hz), the photoelectrode photoactivity is detected as a
semi-circle with R3 representing the charge transfer and C
representing the total interfacial capacitance (ceramic and
hematite together).

The resulting time constant for charging the photoelectrode
interface can be estimated as 7 = R2 X Cioa. In the case of
ceramics with a hematite coating formed with 26 treatment
cycles, the value of 7 is approximately 0.13 s (R2 = 3.0 Ohm and
C = 43.5 mF, see Table 1). This t value restricts the acquisition
of high-frequency information but allows for the analysis of
data in the low-frequency region (<1 Hz), where water oxida-
tion in the photo-reaction occurs at the interface of the hema-
tite coating and electrolyte.>®>°

The resistor R3, representing charge transfer through the
electrolyte-photoelectrode interface, exhibits a very high value
for the bare ceramics and significantly decreases with hematite
deposition (Table 1). This behaviour can be attributed to the
enhanced oxygen evolution observed in hematite photoelec-
trodes compared to bare ceramics.

The notable difference in the photoelectrical response
between bare ceramic structures and those with a nanometric
hematite coating clearly demonstrates the crucial role of the
nanometric functional coating and the promising potential of
the directed assembly method for engineering the surface
properties of SnO,-based ceramics.

4. Conclusions

We have demonstrated that the directed assembly method can
be successfully applied for the controlled growth of nanometric
functional hematite coatings on the grain surface in electrically
conducting CuO-Sb,05-Sn0O, ceramics. The simplicity and
monolayer precision of the directed assembly method make it
a promising approach to modify the sensory and photoelec-
trochemical properties of SnO,-based ceramics. In the future,
the microporous nature of Prussian blue might also allow
controlled doping for example with metal cations.*
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5.4 (2.5%) 1.7 (0.7%) 5540.0 (23.6%)
Ceramics with hematite coating (10 cycles) 4.6 (2.4%) 1.8 (0.6%) 3538.0 (14.4%)
Ceramics with hematite coating (26 cycles) 9.1 (3.7%) 3.4 (0.9%) 548.6 (4.3%)

35.9 (0.7%) 5.2 (2.7%) 1.9 (0.7%) 767.6 (3.7%) 36.4 (0.7%)
39.1 (0.6%) 4.5 (4.4%) 1.9 (1.0%) 300.5 (3.2%) 39.9 (1.1%)
41.6 (1.1%) 7.1 (4.5%) 3.0 (0.9%) 117.8 (2.0%) 43.5 (1.4%)
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