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Abstract: This study introduces an insitu fabrication of
nanoporous hematite with a Ti-doped SiO, passivation layer
for a high-performance water-splitting system. The nano-
porous hematite with a Ti-doped SiO, layer (Ti-(SiO/np-
Fe,0;)) has a photocurrent density of 2.44mAcm ™ at
1.23 Ve and 3.70mAcm™ at 1.50 Vgyr. When a cobalt
phosphate co-catalyst was applied to Ti-(SiO /np-Fe,0;), the
photocurrent density reached 3.19 mA cm ™ at 1.23 V gy with
stability, which shows great potential of the use of the Ti-doped
SiO, layer with a synergistic effect of decreased charge
recombination, the increased number of active sites, and the
reduced hole-diffusion pathway from the hematite to the
electrolyte.

Owing to the environmental pollution from the fossil
energy, the demand for clean energy has gradually
increased.!! Photoelectrochemical (PEC) water splitting is
a promising clean energy generating system that captures and
stores solar energy by splitting water into hydrogen and
oxygen gases.” Many semiconductors, including TiO,, ZnO,
CdSe, CdS, Ta;Ns, and Fe,O; are used as photoanode
materials that can generate photoexcited electron/hole
pairsP! in PEC systems. Among them, a-Fe,O, (hematite),
which has a small band gap of 2.1 eV, natural abundance, high
theoretical solar-to-hydrogen (STH) efficiency (16.8 %), and
an appropriate energy band position against water-oxidation
potential (1.23 Vgye), has been suggested as a superior
photoanode for the PEC system.”** However, because of
its short hole-diffusion length, high electron-hole recombi-
nation rate, poor charge mobility, weak oxygen evolution
reaction (OER) properties, and slow charge-transfer kinetics,
achieving significant STH efficiency and performance of a-
Fe,0; is still limited.”! To address the limitations of a-Fe,O;,
a high-surface-area hematite, such as nanoporous a-Fe,O;
and 3D inverse opal a-Fe,O;, which successfully enhanced the
PEC performance by increasing the number of the water
oxidation sites and reducing the hole diffusion pathway, have
been investigated.! Alternatively, several passivation layers,
including the SnO," Ir0,,® Ga,05,® and AL,O,"! thin layers,
have been applied on a-Fe,0; to enhance PEC performance
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and stability by reducing the onset potential of water-splitting
reactions and by preventing direct contact between hematite
and the electrolyte. The passivation layer protects the surface
states that cause charge recombination by facilitating the
charge extraction at the semiconductor—electrolyte inter-
face.'”l However, most of the passivation layers used before
are alkaline unstable or adhere poorly to the semiconductors,
which results in low long-term stability of the PEC device in
harsh aqueous solutions.®*!

Herein, we report a highly stable Ti-doped porous Fe,O;
photoanode in the working conditions with a thin passivation
layer of Ti-doped amorphous SiO,, fabricated insitu by
a simple hydrothermal/annealing process. The Ti-doped SiO,
layer induced the creation of the nanopores in Ti-(SiO,/np-
Fe,0;) under high-temperature annealing conditions and
facilitated the charge transfer by passivating the surface states
of hematite, which resulted in enhanced PEC performance.
The photocurrent density of the Ti-(SiO,/np-Fe,0;) was
243 mAcm ™ at 1.23 Ve which is about 200% improved
PEC efficiency over the conventional worm-like Ti-Fe,O;
and it was maintained for 20 h in alkaline electrolytes without
deterioration. We attributed the superior photocurrent den-
sity obtained from Ti-(SiO,/np-Fe,03) to the combination of
the protected surface states and increased surface area owing
to the occurrence of nanosize pores. Finally, the photocurrent
density further increased to 3.19 mA cm 2 at 1.23 Vg after
we applied cobalt phosphate (Co-Pi) OER catalysts to the Ti-
(SiO,/np-Fe,0;).

Figure 1 shows the pore generation mechanism of Ti-
(SiO,/np-Fe,0;) caused by the presence of the Ti-SiO, layer
on the surface of Ti-FeOOH during the high temperature
annealing process. For the fabrication of conventional worm-
like Ti-Fe,Oj; in Figure 1a, Ti-FeOOH nanorods were hydro-
thermally grown on FTO glass with FeCl;-6 H,O and TiCl; in
a convection oven at 100°C. The Ti-FeOOH sample (a, I) was
then heated at 850°C in the furnace to convert Ti-FeOOH
into Ti-Fe,O;. Under these high-temperature conditions, the
30-50 nm thin Ti-FeOOH nanorods (Supporting Information,
Figure S1a) were coalesced due to partial melting accompa-
nied by dehydration, grain-boundary motion (GBM), and
oriented attachment (OA) to form worm-like shaped non-
porous hematite with a 100 nm—150 nm major axis and 50 nm
minor axis (I, Figure 1¢).!""! On the other hand, Ti-FeOOH
(b, I) was first immersed in the solution of aminopropyltri-
methoxysilane (APTMS) and TiCl; and heated at 100°C to
create a thin Ti-SiO, layer'™? on the surface of Ti-FeOOH as
shown in Figure 1b (Ti-(SiO,/FeOOH (IT')). The Ti-(SiO,/
FeOOH) was then annealed up to 850°C to turn FeOOH into
a-Fe,0;, evolving gases such as HCl and H,O during the
dehydration process.™ The circa 20 % weight loss of APTMS/
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Figure 1. The fabrication procedures for a) conventional worm-like Ti-
Fe,O; and b) Ti-(SiO,) layer-coated porous hematite (Ti-(SiO,/Fe,0s)).
a) |. Ti-doped FeOOH synthesized by hydrothermal growth; II. Coales-
cent Ti-Fe,0O; after heat treatment of Ti-FeOOH due to the oriented
attachment (OA) and grain boundary motion (GBM) process. b) I. Ti-
FeOOH before the APTMS treatment; II. Ti-SiO, coated Ti-FeOOH
without the OA and GBM process between the rods; III'. Ti-(SiO,/np-
Fe,O;) with nanopores in the rods. c) TEM image of worm-like Ti-
Fe,O;. d) High-magnification TEM image of a worm-like Ti-Fe,O; in
the boundary. e) TEM image of Ti-(SiO,/np-Fe,05). f) High magnifica-
tion TEM image of Ti-(SiO,/np-Fe,Os) in the boundary. The insets in
(c) and (e) are low-magnification TEM images. The sketches in (d)
and (f) show the simplified electron—hole transport mechanism.

TiCl; treated Ti-FeOOH in a temperature range from 100°C
to 400°C in the TGA curve (Supporting Information, Fig-
ure S2) confirms the dehydration process in Ti-(SiO,/np-
Fe,0;)." Due to the presence of the rigid SiO, layer, the
freshly formed gases were entrapped inside Ti-(SiO,/
FeOOH), creating a vacancy during the annealing/solidifying
process. The Ti-(SiO,/FeOOH) nanorods did not merge (no
GBM or OA) owing to the presence of the robust Ti-SiO,
layer, even at high-temperature annealing conditions. Instead,
the GBM and OA process seems to occur inwards in each rod
during the rearrangement/solidifying process caused by the
newly generated vacancy in the annealing/cooling condition,
creating Ti-(SiO,/np-Fe,0;) with the many pores in the core
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and the thick frames in the shell, as shown in Figure 1b (III')
and Figure le. The Ti-(SiO,/np-Fe,03;) in Figure le has
cylinder-like structures consisting of 10-25 nm pores with
a lattice spacing of 0.25 nm, matching a (110) plane of a-
Fe,O;. Besides, it is clear that the 2.5-5 nm amorphous Ti-
SiO, layer covered a-Fe,0;, as shown in Figure 1d and the
Supporting Information, Figure S3. Note that the crystallinity
of the (110) plane of the original Fe,O; was not deteriorated
by the TiCl; or APTMS treatment as shown in the XRD data
in the Supporting Information, Figure S4. The number of
pores in the Ti-(SiO,/np-Fe,0;) film increased with an
increasing concentration of the Ti-APTMS solution and
dipping time of Ti-FeOOH in the Ti-APTMS solution since
full coverage coating of Ti-SiO, with the thickness saturation
of 2-5 nm hindered the evacuation of gases, as shown in the
Supporting Information, Figures S5-S7. The surface area was
increased by 2.5 times in the porous Ti-(SiO,/np-Fe,0;) as
shown in the BET data (Supporting Information, Figure S8).
The illustrations in Figure 1d and f describe the electron-hole
transport behavior in the band diagram of the devices when
Ti-Fe,O; or Ti-(SiO,/np-Fe,0;) photoanodes were immersed
in the electrolyte under irradiation conditions. The surface
states in the band structure of a-Fe,O; are known to cause
a charge recombination resulting in poor water-oxidation
properties (Figure 1d)."! After applying 2.5-5 nm of the Ti-
SiO, passivation layer (Figure 1f; Supporting Information,
Figure S3d), the OER properties of Ti-(SiO,/np-Fe,05) was
enhanced by the protection of the surface states due to the
presence of Ti-SiO, interface between the electrolyte and a-
Fe,O;.

To elucidate the composition of Ti-(SiO,/np-Fe,0;), we
conducted EDS and XPS analysis as shown in Figure 2 and
the Supporting Information, FiguresS9, S10. The TEM
mapping data of Si, Ti, Fe, and O in Figures 2b,c confirmed
the uniform dispersion of each element in Ti-(SiO,/np-Fe,05).
The XPS spectra in Figures 2d,e show the Si2p and Ti2p
peaks of the Ti-(SiO,/np-Fe,05). The binding energy at 98.76,
100.4, 101.23, and 102.9 ¢V in Figure 2d corresponds to Si’,
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Figure 2. a)-c) TEM and EDS mapping images of Si, Ti, Fe, and O in

the Ti-(SiO,/np-Fe,0;), indicating uniform distribution of the ions.
d), e) XPS spectra of the Si 2p (d) and Ti 2p (e) regions.
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Si'*, Si**, Si**, and Si*", respectively, suggesting that the silica
thin film was partially oxidized (X <2 in SiO,, an amorphous
phase).' It has been reported that the amorphous SiO, layer
can combine with the OH™ that was generated by splitting
water in an alkaline solution to form a SiO,:OH™ layer with
a negatively charged surface.'”” As shown in the Supporting
Information, Table S2 and Figure S11, the surface of Ti-(SiO,/
np-Fe,0;) is highly negatively charged at pH 13.017" owing to
the existence of the SiO,:OH " layer, which helps the fast and
direct extraction of photogenerated holes from hematite to
generate O, gas."®! We also confirmed the increase in the XPS
peak intensity at 531.1 eV, corresponding to adsorbed OH™
ions on Ti-(SiO,/np-Fe,0;) after a 20 h stability test (Sup-
porting Information, Figure S12a). Nevertheless, the XPS
spectra of Si ions and morphology of Ti-SiO, did not
noticeably change after the 20 h stability test, suggesting
that Si suboxides (Si'", Si*", and Si’") are able to provide
stable water oxidation sites and the overall reaction is steady
(Supporting Information, Figure S12), which confirms the
good chemical stability. The XPS spectra of Ti 2p were found
as two peaks: Ti’"2p,, at 461.06eV and Ti*" 2p,, at
458.08 V.l The metal-ion-doped dielectric material was
used as a conductive filament in the resistance random access
memory device by reducing the resistivity of metal oxides
through a hopping conduction mechanism and tunneling
effect.’ Therefore, the Ti ion-doped thin SiO, film has
a higher conductivity than the non-doped SiO, layer and
facilitates the charge transfer through the Ti-SiO, layer
(Supporting Information, Figure S13). We also observed
that doping the SiO, layer with other metal ions such as Ag
and Au showed effects similar to the case of Ti doping
(Supporting Information, Figure S14).

Figure 3a shows the J-V curve of the reference Ti-Fe,0;,
Ti-(SiO,/Fe,0;), and Ti-(SiO,/np-Fe,0;) under AM 1.5
(100 mWcm ) illumination and dark conditions in a 1m
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Figure 3. Photoelectrochemical performance of as-prepared samples in
a 1M NaOH solution at 1.23 Vg @) J-V curves of Ti-Fe,O;, Ti-(SiO,/
Fe,0;), and Ti-(SiO,/np-Fe,0;) under one-sun illumination and dark
conditions with a three-electrode system. b) EIS analysis of Ti-Fe,Os,
Ti-(SiO,/Fe,0;), and Ti-(SiO,/np-Fe,0;) at 1.23 Vgye. ¢) IPCE data of
the Ti-Fe,O; and Ti-(SiO,/np-Fe,0;) at 1.23 Ve d) The stability data
of Ti-Fe,O; and Ti-(SiO,/np-Fe,0;) for 20 h at 1.23 Viye.

www.angewandte.org

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

NaOH electrolyte solution with a three-cell electrode
system. To compare the presence of the pores in Ti-Fe,O;,
nonporous Ti-(SiO,/Fe,0;) was prepared by simply dipping
as-prepared worm-like Ti-Fe,O; in a APTMS/TiCl; solution.
After applying the Ti-SiO, passivation layer, the dark onset
potential (dotted lines) of the Ti-(SiO,/Fe,0;) and Ti-(SiO,/
np-Fe,0;) was lower than that of Ti-Fe,O;, which indicates
that Ti-SiO, has good electrocatalytic properties for water
oxidation, as explained in Figure 2. The photocurrent density
and the onset potential of Ti-(SiO,/np-Fe,0;) showed a sig-
nificant increase to 2.44 mAcm 2 and a cathodic shift to
0.95 Vgye from 1.23 mAcm ™ and 1.01 Vg of Ti-Fe,O; due
to good OER properties by the reduction of the surface states
(red vs. black), when both the Ti-SiO, passivation layer and
porous structures were applied as shown in Figure 3a. By
solely applying a Ti-SiO, passivation layer to a nonporous
structure (Ti-(SiO,/Fe,03)), the onset potential shifted from
1.01 Viye t0 0.92 Ve, but the photocurrent density increase
stopped at 1.75 mAcm™? at 1.23 V vs. RHE (blue vs. black).
We attributed the further increase in the photocurrent density
in Ti-(SiO,/np-Fe,0;) over Ti-(Si0,/Fe,0;) to the presence of
nanopores that provided an increased number of reaction
sites and decreased the path distance for photogenerated
electron-hole transfer. The slightly lower absorption of Ti-
(SiO,/np-Fe,0;) due to the lower content of Fe,O; sur-
rounded by air holes inside the nanoporous photoanode®!!
confirms that the Ti-SiO, layer does not hinder the absorption
of the photoanode in the UV/Vis range (Supporting Infor-
mation, Figure S15). As confirmed by an increased surface
area (Supporting Information, Figure S8), this was achieved
by our synthetic procedure by which FeOOH was coated by
the SiO; layer first followed by the transformation to a-Fe,O;
accompanied by gas evaporation in the confined region. To
analyze the electrochemical properties of the Ti-SiO, and the
charge transfer process at the surface of the electrolyte/Ti-
SiO/Ti-Fe,O;, electrochemical impedance spectroscopy
(EIS) was performed as shown in Figure 3b. The equivalent
circuit model was used to elucidate the Nyquist plot of Ti-
Fe,0;, Ti-(SiO,/Fe,05), and Ti-(SiO,/np-Fe,0;) (further
details for several anodes are given in the Supporting
Information, Figure S16). The resistance of the electrolyte—
semiconductor interface (R,) of the Ti-(SiO,/Fe,0;) and Ti-
(SiO,/np-Fe,05) was lower than that of Ti-Fe,O;, indicating
superior charge-transfer properties from the Ti-Fe,O; to the
electrolyte with low recombination due to the good OER
properties of the Ti-SiO, layer for the water oxidation. The
reduced recombination was confirmed by calculating the
carrier life time from the decay of the transient open circuit
potential (Supporting Information, Figure S17). The electron
carrier lifetime of the Ti-SiO, layer containing samples much
higher than those of the other samples indicates that the Ti-
SiO, layer can passivate the surface states of the Ti-Fe,O; and
decrease the recombination. The effect of the presence of the
nanoporous structure of hematite for PEC was also confirmed
by comparing the EIS data of Ti-(SiO,/np-Fe,O;) and Ti-
(SiO,/Fe,05). The R, value of Ti-(SiO,/Fe,O;) was higher
than that of Ti-(SiO,/np-Fe,0;), which indicates that nano-
porous structures enhance the charge transfer between the
electrolyte and the hematite (blue vs. red) by shortening the
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hole-diffusion pathway.™ The R, of the Ti-(SiO,/np-Fe,0;)
was similar to (slightly lower than, in fact) that of the others
which indicated that the Ti-SiO, layer did not greatly affect
the bulk resistance in the Ti-Fe,O;. The IPCE data in
Figure 3¢ shows a higher photocurrent density of Ti-(SiO,/
np-Fe,0;) compared to that of Ti-Fe,O; in a range from
300 nm to 550 nm at 1.23 Vyye with a 1M NaOH solution due
to the synergetic effect of short hole-diffusion pathways,
a high surface area, and decreased recombination by the
passivation layer. Figure 3d displays the stability of the Ti-
(SiO,/np-Fe,05) and Ti-Fe,05 at 1.5 Vi under AM 1.5 with
the 1M NaOH solution (pH 13.6) for 20 h. After 20 h, the
photocurrent density of Ti-(SiO,/np-Fe,0;) was still
2.41 mAcm~2, which confirmed the chemical inertness of
the Ti-SiO, layer. Furthermore, the chemical composition of
the Ti-SiO, did not change after the 20 h stability test, except
the increase in OH™ ion concentration that helped enhance
the OER properties of Ti-SiO, coated hematite, as explained
in the previous section (Supporting Information, Figure S12).

To further increase the PEC performance of the Ti-(SiO,/
np-Fe,0;) photoanode, a well-known water oxidation catalyst
for Fe,0;, cobalt phosphate (Co-Pi) nanoparticles were
deposited on hematite by a modified photoassisted electro-
deposition method.” The 2-5 nm of the Co-Pi nanoparticles
were well attached on the surface of the Ti-Fe,O; and Ti-
(SiO,/np-Fe,0;) as shown in Figures 4a,b. When Co-Pi was
applied to Ti-(SiO,/np-Fe,05), the photocurrent density of
Co-Pi/Ti-(SiO,/np-Fe,05) reached 3.19 mAcm 2 at 1.23 Vg
and 3.70 mA cm? at 1.50 Vg, as shown in Figure 4 ¢ (dotted
line), which is comparable to that of 3D-hematite nanowires
having the reliable record current (3.39 mAcm™ at

—Ti-Fe,0,

- -Co-PiITl-FezQ,

g 49[- - -CoPiTi{SiO jnp-Fe,0) ™
u“ﬂ.‘

0.8 1.0 12 14 1.6 18
Potential / V vs. RHE

Figure 4. a) TEM image of the Co-Pi/Ti-Fe,0s, and b) Co-Pi/Ti-(SiO,/
np-Fe,0s). ¢) J-V curves of the reference Ti-Fe,0;, Co-Pi/Ti-Fe,O;, and
Co-Pi/Ti-(SiO,/np-Fe,05) under one-sun conditions in 1M NaOH
solution with a three-electrode system. d) The reaction mechanism of
Co-Pi/Ti-Fe,O; (upper image) and Co-Pi/Ti-(SiO,/np-Fe,O;) (bottom
image).
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1.23 Vgye).! Furthermore, the onset potential was cathodi-
cally shifted for Co-Pi/Ti-(SiO,/np-Fe,0;) from 0.95 Viyg to
0.80 Vgyg- It should be noted that Ti-(SiO,/np-Fe,O5) was
prepared by a simple dip-coating and sintering process and
did not require complex fabrication methods such as pattern-
ing, etching, spray coating, and sintering, which are needed to
fabricate 3D-hematite nanowires.”>>! Note that although the
Co-Pi nanoparticles were deposited on the surface of Ti-
Fe,0;, the surface states on the surface of hematite existed
consistently as shown in the upper image of Figure 4d. The
PEC performance of the Co-Pi/Ti-Fe,O; was still deteriorated
by the charge recombination due to the remaining surface
states of hematite. However, as shown in the bottom model of
Figure 4d, when surface states of hematite in Co-Pi/Ti-Fe,O;
were reduced by the Ti-SiO, passivation layer (Co-Pi/Ti-
(SiO,/np-Fe,0;)), the effect of the Co-Pi in PEC cells
dramatically increased (dotted line vs. dashed line). These
results demonstrate that Co-Pi/Ti-(SiO,/np-Fe,0;) could take
full advantage of the synergetic effect of the surface
passivation layer, direct hole extraction, high surface area,
short hole-diffusion pathway from hematite to electrolyte,
and superior OER co-catalyst for high performance of water
splitting systems.

In conclusion, we report a high PEC performance
hematite photoanode coated with the Ti-SiO, passivation
layer fabricated by a simple dip coating/high temperature
annealing process. This process not only created the 2-5 nm
thin Ti-SiO, passivation layer on Ti-Fe,O; but also generated
the nanopores inside the Ti-Fe,O;, which increased the
number of reaction sites for water oxidation. The Ti-(SiO,/
np-Fe,0;) photoanode has a photocurrent density of
2.44mAcm? at 1.23 Vgyp and 3.70 mAcm ™2 at 1.50 Vigyg.
We attributed this enhanced photocurrent density to the
superior charge extraction properties and proper conductivity
of the Ti-SiO, layer, the reduced recombination from the
protected surface states of Ti-Fe,Os, and the porous morphol-
ogy providing a short hole-diffusion pathway. The stability of
Ti-(SiO,/np-Fe,05) was also enhanced by the high chemical
inertness of the Ti-SiO, layers. When a Co-Pi co-catalyst was
applied to Ti-(SiO,/np-Fe,0;), the photocurrent density
reached 3.19 mAcm™? at 1.23 Vi with a cathodic shift of
onset potential from 0.95 to 0.80 Vyye. Our study presents
a straightforward approach for achieving highly efficient and
stable PEC systems without a complex and expensive
fabrication method.
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