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  1.     Introduction 

 The development of sustainable energy 
production systems has become an ever-
growing demand under the rising stress 
of the global population, living standards, 
and increased industrialization. [ 1–7 ]  In this 
context, photoactivated methods such as 
photoelectrochemical (PEC) H 2 O split-
ting, starting from two abundant natural 
resources such as solar photons and water, 
are environmentally benign approaches 
for the production of hydrogen as a clean 
and renewable energy vector. [ 8–24 ]  A key 
issue for PEC water splitting is the iden-
tifi cation of suitable photoanode materials 
satisfying the challenging requirements 
for solar hydrogen generation. [ 13,14,25,26 ]  
Among the most promising candidates, 
hematite (α-Fe 2 O 3 ) has long been a pre-
ferred choice [ 18,20,27–32 ]  thanks to its good 
photochemical stability, earth abundance, 
nontoxicity, low cost and proper band gap 
( E  G  ≈ 2.1 eV) to absorb a large fraction of 
the solar spectrum. [ 3,4,16,21,33–36 ]  In spite of 
these advantages, the solar-to-hydrogen 

 Harnessing solar energy for the production of clean hydrogen by photo-
electrochemical water splitting represents a very attractive, but chal-
lenging approach for sustainable energy generation. In this regard, the 
fabrication of Fe 2 O 3 –TiO 2  photoanodes is reported, showing attractive 
performances [≈2.0 mA cm −2  at 1.23 V vs. the reversible hydrogen elec-
trode in 1 M NaOH] under simulated one-sun illumination. This goal, 
corresponding to a tenfold photoactivity enhancement with respect to 
bare Fe 2 O 3 , is achieved by atomic layer deposition of TiO 2  over hematite 
(α-Fe 2 O 3 ) nanostructures fabricated by plasma enhanced-chemical vapor 
deposition and fi nal annealing at 650 °C. The adopted approach enables 
an intimate Fe 2 O 3 –TiO 2  coupling, resulting in an electronic interplay at 
the Fe 2 O 3 /TiO 2  interface. The reasons for the photocurrent enhancement 
determined by TiO 2  overlayers with increasing thickness are unraveled by a 
detailed chemico-physical investigation, as well as by the study of photo-
generated charge carrier dynamics. Transient absorption spectroscopy 
shows that the increased photoelectrochemical response of heterostruc-
tured photoanodes compared to bare hematite is due to an enhanced 
separation of photogenerated charge carriers and more favorable hole 
dynamics for water oxidation. The stable responses obtained even in simu-
lated seawater provides a feasible route in view of the eventual large-scale 
generation of renewable energy. 
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effi ciency of hematite falls well short of the theoretical 
maximum value (≈13%) [ 6,7,10,11,34,37 ]  due to a number of fac-
tors, [ 2,12,17,25,30,38 ]  including poor charge transport properties, 
improper band positions for unassisted water splitting, low 
electron–hole pair lifetime (<10 ps), and small exciton diffu-
sion length (≈2–4 nm). [ 11,28,35,39,40 ]  To overcome these draw-
backs and enhance hematite conductivity and photoresponses, 
the most commonly used strategies are nanoarchitecture engi-
neering [ 7,11,18,22,26,39 ]  and elemental doping. [ 17,25,29,41,42 ]  Other 
improvements have been afforded by the introduction of 
oxygen evolution catalysts (OECs), such as Co-, Ni-, Ir-, and Ru-
based ones. [ 1,10,19,24–26,43 ]  Despite the advantageous reduction 
in the onset potential, most of these systems are toxic and/or 
expensive, being unsuitable for large-scale energy production. 
In addition, water oxidation effi ciencies are often limited by 
surface recombination, a severe issue to be tackled. [ 19,26,44 ]  An 
alternative strategy to address the primary requirements for an 
effi cient solar-to-hydrogen conversion consists in the formation 
of nano-heterostructures involving Fe 2 O 3  coupling with suit-
able underlayers or overlayers [ 1,4,33,40,45,46 ]  to suppress electron 
back recombination at the hematite/substrate interface, [ 20,28,29 ]  
enhance light absorption, and improve charge carrier trans-
port properties. [ 5,16,19,27,47 ]  So far, several works have been 
focused on the surface functionalization of Fe 2 O 3  nanosystems 
with various oxides, such as Al 2 O 3 , Ga 2 O 3 , Fe  x  Sn 1− x  O 4 , and 
TiO 2 . [ 3,10,19,20,39 ]  The obtained results highlight the possibility of 
improving PEC performances by passivation of surface states, 
protection against corrosion, use of buried semiconductor junc-
tions, [ 2,19 ]  and a proper tailoring of charge transfer processes 
between the constituent phases. [ 20,47 ]  Nevertheless, the practical 
use of modifi ed hematite photoanodes in effi cient, durable, and 
low-cost solar hydrogen production is still hindered by various 
factors, [ 37 ]  including the system stability [ 29 ]  and the diffi culties 
in identifying precise structure–functions relationships. [ 6,17 ]  In 
addition, driving PEC water splitting more effi ciently than the 
state-of-the-art hematite photoanodes [ 48 ]  remains a main hurdle 
impeding further technological developments. [ 34 ]  

 In the present study, we report on a method for the enhance-
ment of hematite photoanode charge transfer, resulting in a 
remarkable improvement of the recorded PEC performances in 
solar water splitting. In particular, we have devoted our atten-
tion to the coating of plasma enhanced-chemical vapor deposi-
tion (PE-CVD) hematite nanostructures by an atomic layer dep-
osition (ALD) TiO 2  overlayer, followed by thermal treatment in 
air at 650 °C. It is worth highlighting that, despite several efforts 
aimed at investigating Ti incorporation into hematite photoelec-
trodes, [ 7,29,35,38,40,42 ]  Fe 2 O 3 –TiO 2  multilayered and composite sys-
tems have so far been much less investigated. [ 3,6,16,27,45 ]  For these 
materials, the current density for water photooxidation has been 
reported to drop off with an increased number of TiO 2  ALD 
cycles, the reasons underlying this behavior being unclear. [ 2 ]  In 
this work, taking advantage of ALD repeatability, conformity, 
and precise thickness control, [ 24,46,49 ]  we focus our attention on 
the PEC behavior of Fe 2 O 3 –TiO 2  nano-heterostructures charac-
terized by different TiO 2  overlayer thicknesses. A relevant atten-
tion is devoted to the interrelations between system properties 
and functional performances, with particular regard to the struc-
tural and electronic interplay occurring at Fe 2 O 3 /TiO 2  heteroin-
terfaces. Under optimized conditions, a tenfold photocurrent 

increase compared to bare α-Fe 2 O 3  photoanodes was observed, 
corresponding to the highest performances ever reported for 
similar systems, especially at high applied potentials. This fea-
ture, along with the high stability even in simulated seawater, 
for which solar splitting has only been seldom investigated, [ 50 ]  
represents an important goal toward the sustainable and effi -
cient conversion of solar light into chemical energy.  

  2.     Results and Discussion 

  2.1.     Preparation and Characterization of Fe 2 O 3 –TiO 2  
Photoanodes 

 Fe 2 O 3 –TiO 2  photoanodes were fabricated by a three-step pro-
tocol, involving: (i) PE-CVD of Fe 2 O 3  on fl uorine-doped tin 
oxide (FTO) substrates; (ii) ALD of TiO 2  with a different cycle 
number, in order to tailor the corresponding overlayer thick-
ness; and (iii) annealing in air for 1 h at 650 °C ( Table    1  ). Bare 
Fe 2 O 3  (hereafter labeled as Fe 2 O 3 ), composed of pure α-Fe 2 O 3  
(hematite) free from other iron oxide polymorphs, was charac-
terized by an inherently porous nanoorganization [Figure S1, 
Supporting Information]. The subsequent ALD of TiO 2  resulted 
in morphological variations, as revealed by fi eld emission-
scanning electron microscopy (FE-SEM; see  Figure    1  ). In par-
ticular, specimens 400_L and 400_H, obtained with a lower and 
a higher number of ALD cycles, presented more rounded sur-
face features than the pristine Fe 2 O 3  (Figure S1a,b, Supporting 
Information). In the case of 400_L, functionalization with TiO 2  
produced only a modest alteration of Fe 2 O 3  aggregate features, 
indicating the formation of a conformal thin fi lm. For specimen 
400_H, more marked modifi cations of the surface morphology 
took place (Figure  1 a,b). The system double-layered struc-
ture was clearly evidenced by cross-sectional FE-SEM images 
(Figure  1 c,d). As can be observed, upon going from specimen 
400_L to the homologous 400_H, the TiO 2  overlayer thickness 
underwent a parallel increase. These observations, along with 
the intimate and uniform Fe 2 O 3 –TiO 2  contact, highlight the 
intrinsic ALD conformal coverage capability, [ 18,19,49 ]  enabling 
a fi ne control of the resulting Fe 2 O 3 –TiO 2  heterojunction fea-
tures. Cross sectional FE-SEM images enabled the estimation 
of the total nanodeposit (and titania overlayer) thickness values, 
yielding 400 ± 15 (35 ± 10) and 480 ± 30 (80 ± 10) nm for 400_L 
and 400_H, respectively. In order to attain further insight into 
the system topography, the material surfaces were probed by 
atomic force microscopy (AFM; Figure  1 g,h). The recorded 
micrographs showed the formation of multigrain structures, 
in line with FE-SEM observations. Irrespective of the synthesis 
conditions, very similar root-mean-square (RMS) roughness 
values (≈20 nm) were obtained for the analyzed systems.   
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  Table 1.    Main growth and processing conditions for FTO-supported 
photoanodes investigated in the present study. 

Sample ID Fe 2 O 3  by PE-CVD TiO 2  by ALD Thermal annealing

Fe 2 O 3 400 °C, 1 h // 650 °C, 1 h, air

400_L 400 °C, 1 h 150 °C, 1150 cycles 650 °C, 1 h, air

400_H 400 °C, 1 h 150 °C, 5750 cycles 650 °C, 1 h, air 
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 The local in-depth composition was analyzed by energy dis-
persive X-ray spectroscopy (EDXS) line-scans (Figure  1 e,f). 
The obtained data showed that TiO 2  was mainly concentrated in 
the outermost material region, a phenomenon more evident for 
the 400_H sample, confi rming that a higher number of ALD 
cycles resulted in a thicker TiO 2  overlayer, as already appreci-
ated by FE-SEM images. Conversely, the FeKα line intensity 
underwent a progressive increase in the inner system region at 
the expense of the TiKα one, confi rming the predominance of 
Fe 2 O 3  in the deposit regions closer to the FTO substrate. 

 Since the mutual spatial distribution of 
Fe 2 O 3  and TiO 2  is a key issue for an optimal 
heterostructure engineering, the in-depth 
chemical composition along the thickness was 
further investigated by secondary ion mass 
spectrometry (SIMS) analyses ( Figure    2   a,b). 
The obtained data allowed the estimation of 
a mean C concentration (averaged over the 
whole thickness) as low as 150 ppm, high-
lighting thus the purity of the obtained mate-
rials. Irrespective of the processing condi-
tions, the O ionic yield remained almost con-
stant throughout the investigated depth. As 
can be observed in Figure  2 , the outermost 
sample region was Ti-rich, a phenomenon 
particularly evident for specimen 400_H, 
characterized by a higher thickness of the 
TiO 2  overlayer. Upon increasing the sput-
tering time, a concomitant increase in the 
Fe ionic yield and a progressive decrease 
in the Ti one took place, in agreement with 
EDXS data (see Figure  1 ). This evidence 
suggested that the TiO 2  layer was covering 
hematite nanostructures even in the inner 
regions, a phenomenon due to the synergy 
between the Fe 2 O 3  porosity and the good 
conformality achievable by the use of ALD. 
Finally, both titanium and iron signals under-
went a net intensity decrease at the inter-
face with the FTO substrate. The Sn tailing 
extending into the nanodeposits at the inter-
facial region suggested the occurrence of tin 
diffusion from the FTO substrate induced by 
thermal annealing, at least to some extent. 
This phenomenon, already observed in pre-
vious works, might benefi cially contribute 
to PEC performances, due to an improved 
system electrical conductivity. [ 37,43,51 ]   

 Overall, the data discussed so far point to 
the obtainment of Fe 2 O 3 –TiO 2  heterostruc-
tures, with titanium oxide being mainly con-
fi ned in the outermost system regions. To per-
form a detailed characterization of the Fe and 
Ti chemical environments, X-ray photoelec-
tron spectroscopy (XPS) analyses were car-
ried out. Wide-scan XPS spectra (Figure S2a, 
Supporting Information) were dominated 
by titanium and oxygen photopeaks. In the 
case of sample 400_L, the presence of iron 

could also be detected (see Figure  2 d), suggesting in this case 
the occurrence of a thinner and porous TiO 2  overlayer (compare 
TEM analysis; see below). Irrespective of the used ALD condi-
tions, the Ti2p 3/2  binding energy (BE) of 458.5 eV, as well as the 
separation between the spin-orbit components [Δ(BE) = 5.7 eV] 
(Figure  2 c), was in line with the presence of Ti(IV) in TiO 2 . [ 35,52 ]  
The Fe2p peak shape and position [Figure  2 d; BE(Fe2p 3/2 ) = 
711.1 eV], along with the pertaining spin-orbit splitting [Δ(BE) = 
13.7 eV], were consistent with the formation of iron(III) oxide 
free from other Fe oxidation states. [ 7,11,33,35,42,52 ]  The O1s 
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 Figure 1.    a,b) Plane-view FE-SEM images, c,d) cross-sectional FE-SEM images, e,f) EDXS 
line-scan profi les recorded along the lines marked in cross-sectional views, and g,h) AFM 
micrographs for Fe 2 O 3 –TiO 2  specimens. In (e) and (f), arrows mark the direction of abscissa 
increase.
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signal (Figure S2b, Supporting Information) could be fi tted by 
two contributing bands located at (I) BE = 530.0 eV and (II) 
532.0 eV, attributed to lattice O and surface –OH groups/
adsorbed oxygen. [ 4,7,35,42 ]  

 The structure of the deposited Fe 2 O 3 –TiO 2  photoanodes was 
investigated by X-ray diffraction (XRD). The recorded patterns 
(Figure S3, Supporting Information) were dominated by a series 
of signals corresponding to hematite refl ections for both speci-
mens 400_L and 400_H. [ 53 ]  Interestingly, the latter also showed 
the appearance of additional peaks at 2 θ  = 25.3° and 47.9°, 
related to (101) and (200) crystallographic planes of anatase 
TiO 2 , [ 54 ]  whereas no signals related to titania could be unambig-
uously observed for sample 400_L, due to the lower amount of 
deposited TiO 2  (compare the thickness values obtained by cross-
sectional FE-SEM analyses, see above). In accordance with XPS 
results, no refl ections related to Fe–Ti–O ternary phases were 
present, and the absence of appreciable angular shifts also ena-
bled to rule out the occurrence of Ti doping into Fe 2 O 3 . 

 To investigate the nanoscale structure of Fe 2 O 3 –TiO 2  materials, 
high resolution transmission electron microscopy (HR-TEM), 
high angle annular dark fi eld scanning transmission electron 
microscopy (HAADF-STEM), and EDXS analyses were carried 
out.  Figure    3  a–d displays HAADF-STEM ( Z  contrast) overview 
images of both samples in cross-section, together with EDXS 
elemental maps for Ti, Fe, Sn, and Si, evidencing the glass/
FTO/α-Fe 2 O 3 /TiO 2  multilayer stacks. The Fe 2 O 3 /TiO 2  interface 
is imaged in more detail in Figure  3 e,f, from which TiO 2  over-
layer thickness values were extracted and were in excellent agree-
ment with those provided by FE-SEM analyses (see above and 

Figure  1 ). Irrespective of the used ALD condi-
tions, the Fe 2 O 3  nanodeposit consisted of well-
developed upward growing hematite needles, 
whose assembly resulted in an open, porous 
structure. This peculiar texture enabled the 
ALD TiO 2  coating to be deposited even in the 
inner system regions, confi rming the forma-
tion of Fe 2 O 3 –TiO 2  nano-heterostructures. The 
overlayers, composed by TiO 2  with the anatase 
crystal phase, are further imaged by the HR 
micrographs reported in Figure  3 g,h. The pres-
ence of small voids (mean size of few nano-
meters), imaged as a dark contrast in the mass-
thickness sensitive HAADF-STEM view in 
Figure  3 h, highlights the porosity of the titania 
top layer. Electron diffraction (ED) maps of 
both specimens showed refl ections that could 
be attributed to hematite and anatase phases 
(see Figure S4, Supporting Information), 
despite the 400_L sample displaying very weak 
anatase signals due to the low TiO 2  amount 
(see also XRD data).  

 The target Fe 2 O 3 /TiO 2  nano-heterostruc-
tures were also analyzed by optical absorption 
spectroscopy (Figure S5, Supporting Infor-
mation). The recorded spectra were charac-
terized by a sub-bandgap scattering tail in the 
600–750 nm region and a sharp absorbance 
increase occurring from 550–600 nm toward 
lower wavelengths, consistent with the 

bandgap of hematite. [ 25,40,43 ]  As a whole, the optical properties 
of the present Fe 2 O 3 –TiO 2  heterostructures are appealing for 
PEC water splitting triggered by solar irradiation, since these 
photoanodes can effi ciently absorb a signifi cant fraction of the 
Vis spectrum. From Tauc plots, it was possible to extrapolate 
a mean band gap ( E  G ) value of 2.1 eV, revealing that the TiO 2  
overlayers did not appreciably affect the optical features in the 
Vis range. [ 16,17,38,44 ]   

  2.2.     PEC Investigation of Fe 2 O 3 –TiO 2  Photoanodes 

 The functional properties of Fe 2 O 3 –TiO 2  heterostructures in 
PEC water splitting were evaluated in NaOH aqueous solutions 
( Figure    4  a) and compared with those of a bare Fe 2 O 3  photo-
electrode. In the absence of illumination, the samples showed 
very small currents, and even when the water electrolysis reac-
tion was reached at ≈1.8 V, [ 5 ]  dark currents were lower than 
1 mA cm −2 . Upon simulated solar illumination, a net  j  increase 
at potentials lower than  E ° (1.23 V vs reversible hydrogen elec-
trode (RHE)) took place, since part of the energy required for 
the oxidation process is captured from the incident light. [ 5 ]  
Considering the onset potentieal ( E  onset ) as the value at which a 
current density of 0.02 mA cm −2  is fi rst reached, [ 6 ]  for the pure 
Fe 2 O 3  photoanode  E  onset  was estimated to be 1.1 V RHE . Subse-
quently, a progressive  j  increase with  E  occurred, reaching a 
value of 0.24 mA cm −2  at 1.23 V RHE . As can be observed, the 
functionalization of hematite with TiO 2  resulted in a decrease of 
the onset potential and in a signifi cant increase of the recorded 
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 Figure 2.    SIMS depth profi les for Fe 2 O 3 –TiO 2  deposits on FTO: a) 400_L and b) 400_H. c) Ti2p 
and d) Fe2p XPS surface spectra for the same specimens.
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photocurrent values. Interestingly, a depend-
ence of PEC performances on TiO 2  thickness 
could be clearly appreciated, since sample 
400_H displayed a systematic enhance-
ment of photocurrent values with respect to 
the 400_L one. In particular, 400_H showed 
an  E  onset  value as low as 0.8 V RHE  and  j  = 
2.0 mA cm −2  at 1.23 V RHE , a value nearly 
ten times higher than that pertaining to 
pure Fe 2 O 3 . It is generally accepted that the 
required overpotential is related to the poor 
oxygen evolution reaction (OER) kinetics and 
to the unfavorable conduction band energy 
position for bare Fe 2 O 3 . [ 5,6,19,46 ]  As a conse-
quence, the shift of  E  onset  to more cathodic 
potentials highlights the benefi cial effect 
exerted by TiO 2  functionalization on the 
system photoresponse. Along with the onset 
potential, one of the most important param-
eters to evaluate photoanode performances 
is represented by the photo current value 
plateau. In this regard, bare Fe 2 O 3  reached a 
plateau at ≈1.4 V ( j  ≈ 0.6 mA cm −2 ), whereas 
Fe 2 O 3 –TiO 2  systems did not display any 
appreciable saturation up to 1.8 V vs. RHE 
( j  ≈ 9.6 mA cm −2  for specimen 400_H).  

 Based on the above observations, the 
higher photocurrents for samples 400_L and 
400_H, as well as the absence of saturation 
effects at potentials higher than 1.23 V vs. 
RHE, can be traced back to the formation 
of Fe 2 O 3 –TiO 2  heterojunctions, responsible 
for a more effi cient charge carrier separation 
with respect to bare Fe 2 O 3 . [ 5 ]  In particular, at 
1.23 V RHE , a  j  value close to 2.0 mA cm −2  was 
recorded for the 400_H specimen. This pho-
tocurrent threshold compares very favorably 
with the best values reported in the literature 
for Fe 2 O 3 –TiO 2  photoelectrodes. [ 4,6,14,15,19,32,50 ]  
Such a result, obtained without the use of any 
expensive/toxic cocatalyst, is very attractive 
in view of solar water splitting promoted by 
Fe 2 O 3 –TiO 2  materials. 

 In order to elucidate the role of the TiO 2  
overlayer, solar-to-hydrogen (STH) effi ciency 
values were calculated from  j – E  data. It is 
worth noting that only a few works in the 
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 Figure 3.    TEM characterization of Fe 2 O 3 –TiO 2  photoanodes. a–d) Cross sectional HAADF-
STEM images and corresponding EDXS chemical maps of samples a,c) 400_L and b,d) 400_H. 
e) TEM overview image of sample 400_L. f) HAADF-STEM overview of sample 400_H. In both 

cases, the TiO 2  overlayer thickness is marked by a 
double-ended arrow. g) HR-TEM image of sample 
400_L, evidencing the low crystallinity of the anatase 
top layer. The anatase layer is imaged along the [111] 
zone axis, as evidenced by the inset Fourier trans-
form (FT) pattern. h) High resolution HAADF-STEM 
image of sample 400_H, with arrows indicating the 
presence of small dark-contrast voids in the highly 
crystalline anatase overlayer. The anatase layer is 
imaged along the [110] zone axis, as evidenced by 
the inset FT pattern.
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available literature report STH values for similar systems. [ 34 ]  
As can be appreciated from Figure  4 b, the STH effi ciency max-
imum increased in the order: Fe 2 O 3  (0.007%) < 400_L (0.060%) 
< 400_H (0.098%). Notably, the highest photoeffi ciency values 
were obtained for TiO 2 -containing specimens at  E  values lower 
than for bare Fe 2 O 3 . This fi nding highlights the importance of 
the Fe 2 O 3 -TiO 2  heterojunction on charge separation, as well 
as the positive effect exerted by titania functionalization in 
enhancing hole dynamics for water oxidation (see also below). 
To further demonstrate the benefi cial role of the Fe 2 O 3 -TiO 2  
heterojunction, it is worth noticing that the PEC response upon 
solar irradiation (SI, Figure S6) of bare TiO 2 , fabricated by ALD 
and annealed at 650 °C, is almost negligible. 

 It is well known that the main drawbacks related to the use 
of Fe 2 O 3  photoanodes include the high density of surface states, 
low hole mobility, short charge-carrier lifetime, and slow OER 
kinetics. [ 2,50 ]  On the other hand, even TiO 2  photoanodes suffer 
from various disadvantages, in particular from poor solar light 
harvesting. [ 3,45 ]  So far, some studies have demonstrated that 
functionalization of Fe 2 O 3  with TiO 2  results in worse PEC per-
formances with respect to bare iron(III) oxide. [ 2,19,50 ]  In a dif-
ferent way, the very high photocurrents shown by the present 
Fe 2 O 3 /TiO 2  photoanodes, along with the decreased onset volt-
ages and the absence of signifi cant saturation at high applied 
potentials, highlight the benefi t offered by Fe 2 O 3 /TiO 2  het-
erojunctions in affording favorable photoactivity improve-
ments. [ 3,16,27,47 ]  Due to the mutual positions of Fe 2 O 3  and TiO 2  
conduction band edges, electrons photogenerated in TiO 2  can 
be easily transferred to Fe 2 O 3  and injected into the FTO sub-
strate, and can subsequently migrate through the external 
electric circuit to reduce water at the cathode, [ 45 ]  suppressing 
thus detrimental recombination effects (see also below and 
 Scheme    1  ). An additional favorable contribution to the actual 
performances is related to the fact that TiO 2  overlayers can pre-
vent hematite photocorrosion in a wide pH range. [ 5 ]   

 To attain an insight into the stability of the present materials, 
PEC measurements were carried out under the same conditions 
at the fi rst and third day of utilization for the best performing 
system, i.e. specimen 400_H. The obtained experimental results 
(Figure S7, Supporting Information) revealed that the measured 
photocurrent values did not undergo any appreciable variation, 
evidencing a good stability of the target photoanodes, a key pre-
requisite for their technological applications. 

 Based on these very favorable results, the most effi cient 
and promising photoelectrode (400_H) was tested in PEC 
water splitting using simulated seawater solutions. The use of 
seawater represents a key technological target for a real-world 
sustainable hydrogen generation, since 97.5% of the overall 
H 2 O available on earth is salt water. [ 55,56 ]  Figure  4 c compares 
 j – E  curves obtained using simulated seawater upon solar illu-
mination for specimen 400_H and for bare Fe 2 O 3 . As can be 
observed, for the latter, an increase in photocurrent densi-
ties with the applied potential was observed (≈0.2 mA cm −2  at 
1.23 V RHE ). Interestingly, sample 400_H yielded a higher photo-
current density that, despite being lower than that recorded 
in NaOH solutions (compare Figure  4 a), reached  j  values of 
≈0.4 mA cm −2  at 1.23 V RHE . This result, along with the previ-
ously discussed PEC data, shows that the obtained Fe 2 O 3 –TiO 2  
materials represent a key step forward for the fabrication of 
photoanodes to be used in real-world devices.  
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 Figure 4.    a) Photocurrent density vs. applied potential curves for Fe 2 O 3  and 
Fe 2 O 3 –TiO 2  photoelectrodes recorded in 1 M NaOH solution under simu-
lated solar irradiation (continuous lines) and in the dark (dashed lines). 
b) Calculated solar-to-hydrogen (STH) effi ciencies. c)  j – E  curves for bare 
Fe 2 O 3  and for specimen 400_H in a simulated seawater solution, recorded 
under solar illumination. Dark current curves are reported as dashed lines.
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  2.3.     TAS Analysis on Fe 2 O 3 –TiO 2  Photoanodes 

 To further elucidate the role of Fe 2 O 3 /TiO 2  heterojunctions 
in promoting the PEC water splitting and investigate charge-
carrier dynamics in the target photoelectrodes, transient 
absorption spectroscopy (TAS) analyses were carried out. TAS 
measurements allow the monitoring of photogenerated elec-
tron and hole dynamics from a picosecond to a second time-
scale, [ 57–59 ]  and are a powerful tool for the study of the interplay 
between nanostructure and PEC response in Fe 2 O 3  and TiO 2  
based photoanodes. [ 25,42,57,60,61 ]  In this work, the evolution of 
charge carriers was examined by using band-gap excitation 
of both Fe 2 O 3  and TiO 2  at  λ  = 355 nm, simulating the solar 
illumination conditions in which light is absorbed by both 
components. 

 To investigate the electron mobility of TiO 2  functional-
ized specimens, microsecond-to-millisecond TAS decays were 
measured at  λ  = 580 nm. The selected probe wavelength cor-
responds to electrons trapped in hematite intra-band states 
and long-lived holes in both hematite and anatase. [ 57,58,62 ]  
Transient absorption traces and corresponding exponential fi ts 
for the specimens are displayed in  Figure    5  a. The initial pho-
tobleaching, i.e., the negative absorption change, following 
the excitation laser pulse could be assigned to the intra-band 
trapped electrons in hematite. [ 57 ]  The fi ts resulted in lifetimes 
of 1.7 and 900 ms for bare Fe 2 O 3 , 0.5 and 550 ms for sample 
400_L, and 0.3 and 330 ms for sample 400_H, respectively. The 
short-lived components correspond to the bleaching recovery, 
attributed to the extraction of trapped electrons, and are there-
fore indicative of electron mobility in the metal oxide structure. 
The increased bleaching recovery rate (1/ τ ) of 400_L and 400_H 
with respect to bare Fe 2 O 3  suggests enhanced electron mobility 

for the Fe 2 O 3 –TiO 2  heterostructure. TAS amplitude for 400_L 
and 400_H is higher with respect to bare Fe 2 O 3  (Figure  5 a), 
indicating therefore a higher amount of holes surviving the 
initial electron–hole recombination in the TiO 2  functionalized 
photoanodes. The long-lived components with the positive 
absorption were assigned to holes participating to water oxi-
dation, and were resolved more accurately in a millisecond-to-
second timescale (see below) in which water splitting has been 
reported to occur. [ 57,63 ]   

 The TAS decays of the specimens in a second time range 
and at a probe wavelength of  λ  = 650 nm, corresponding to the 
hole absorption in both Fe 2 O 3  and TiO 2 , [ 58,62 ]  were fi tted with 
an exponential model, shown in Figure  5 b (see also Figure S8, 
Supporting Information). Functionalization of Fe 2 O 3  with TiO 2  
decreased the lifetime of long-lived photoholes, as indicated 
by the mean lifetimes of 3.0 and 1.8 s obtained for the bare 
Fe 2 O 3  and 400_L photoanodes, respectively. This phenomenon 
is in good agreement with the higher PEC response of the TiO 2  
containing specimens, as it demonstrates an enhanced water 
oxidation reaction rate. Previously published hole lifetimes 
for water oxidation over TiO 2  photoelectrodes were close to 
0.3 s. [ 61,63 ]  Hence, despite the presence of the TiO 2  overlayer, 
hole dynamics of specimen 400_L are directly infl uenced by 
the presence of the underlying hematite. Moreover, a photohole 
lifetime of 0.5 s was obtained for specimen 400_H (Figure  5 b), 
close to the above literature value for bare TiO 2 . The decreased 
photohole lifetime for 400_H with respect to bare Fe 2 O 3  and 
400_L is noticeable already on a millisecond timescale in 
Figure  5 . The uniform and thicker coverage of Fe 2 O 3  by TiO 2  
in specimen 400_H can likely be considered responsible for 
the similar hole lifetimes as published perviously for pure 
TiO 2 . The faster surface reaction kinetics with the thicker TiO 2  
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 Scheme 1.    Schematic energy level diagrams illustrating the photoactivated charge transfer processes and related timescales: a) without and b) with 
the application of a positive external bias to Fe 2 O 3 –TiO 2  photoanodes. The intraband electron-trap states, located a few 100 mV below the conduction 
band edge of hematite, are also shown (CB: conduction band, VB: valence band, E F : Fermi level, fs: femtosecond, ps: picosecond, ns: nanosecond, 
µs: microsecond, ms: millisecond).
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overlayer directly explains the higher PEC response of this 
photoanode in comparison to the 400_L one, overcoming the 
slow OER kinetics typical for Fe 2 O 3 . 

 Picosecond TAS decays for the bare Fe 2 O 3 , 400_L, and 400_H 
photoanodes were compared at 580 nm to investigate the effect 
of TiO 2  functionalization on initial electron–hole recombina-
tion in Fe 2 O 3 . The retarded electron–hole recombination on the 
<10 ps time range for the Fe 2 O 3 –TiO 2  specimens (Figure S9, 
Supporting Information) was assigned to the passivation of 
Fe 2 O 3  surface defects by TiO 2  deposition, [ 6 ]  favoring, in turn, a 
decrease in detrimental charge recombination events. 

 To rationalize the obtained data, it is necessary to con-
sider that the lower valence band energy of TiO 2  with respect 
to Fe 2 O 3  potentially prohibits hole transfer from Fe 2 O 3  to 
TiO 2 , [ 64 ]  and this phenomenon should lead to a decreased 
PEC response. However, as demonstrated by Figure  4  and the 
related discussion, the photocurrent response of TiO 2  function-
alized specimens (400_L and 400_H) signifi cantly outperforms 
that of the bare hematite (Fe 2 O 3 ). Such a remarkable PEC 

enhancement suggests an effi cient charge carrier separation 
upon coupling the two components in the resulting Fe 2 O 3 –TiO 2  
photo electrodes. In particular, the role of the junction can be 
illustrated by analyzing the energy band diagram presented in 
Scheme  1 a,b without and with applied external bias. [ 24,57,58,65 ]  
The system Fermi level energy is lowered with increasing posi-
tive bias, which further promotes band bending at the inter-
faces, an effect that becomes more pronounced upon raising 
the applied potential. We propose that high photocurrents are 
achieved only after the valence band energy of hematite shifts 
to lower values with respect to the TiO 2  valence band edge at 
the electrolyte interface, promoting thus hole transfer from 
Fe 2 O 3  to TiO 2 . This conclusion is supported by the fact that no 
photocurrent plateau was observed for the TiO 2  functionalized 
specimens (Figure  4 ), attributed to enhanced driving force for 
hole transfer through TiO 2  with respect to increasing anodic 
potential that further promotes band bending (Scheme  1 ). In 
addition, hole conduction from Fe 2 O 3  to titania via TiO 2  elec-
tronic defect states can be considered as a possible alternative 
hole transport mechanism. [ 24 ]  

 On the basis of these results, the high PEC response for 
the TiO 2  functionalized specimens are due to: i) formation of 
the Fe 2 O 3 -TiO 2  heterojunction promoting charge separation, 
and ii) enhanced hole dynamics for water oxidation due to 
titania overlayer functionalization. In addition, band bending, 
becoming more important upon raising the applied external 
bias, further enhances spatial charge separation by hole trans-
port through the TiO 2  overlayer (Scheme  1 b).   

  3.     Conclusions 

 In conclusion, we have successfully prepared Fe 2 O 3 –TiO 2  nano-
heterostructure photoanodes on FTO by the initial PE-CVD 
growth of Fe 2 O 3  nanosystems followed by ALD of TiO 2  layers 
with variable thickness and fi nal annealing in air. The inherent 
benefi ts of the adopted joint process have enabled the fabri-
cation of high-purity systems, characterized by an intimate 
contact between Fe 2 O 3  and TiO 2 . These features synergistically 
contributed to the extremely high performances in photoelec-
trochemical water oxidation activated by solar illumination, 
which corresponded to ≈2.0 mA cm −2  photo current density at 
1.23 V vs. RHE under simulated one-sun irradiation. The sig-
nifi cant amplifi cation in the PEC performance with respect to 
the case of bare Fe 2 O 3  was mainly attributed to the benefi cial 
role of Fe 2 O 3 –TiO 2  heterojunctions, resulting in an enhanced 
charge separation and retarded electron–hole recombination. 
In addition, TiO 2  protective action against corrosion has ena-
bled the obtainment of attractive preliminary results even 
for PEC tests in seawater, whose use in solar water splitting 
is reported for the fi rst time for Fe 2 O 3 –TiO 2  systems. These 
results, along with the high and stable photo anode activity, 
pave the way to sustainable energy generation starting from 
abundant and renewable natural resources through cost-effec-
tive nano-heterostructure devices. The proposed strategy and, 
in particular, the surface functionalization using ALD-depos-
ited layers, may open doors to the use of combined synthesis 
approaches in the fabrication of a variety of nanostructures for 
photoassisted applications displaying improved functionalities. 
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 Figure 5.    TAS decays for bare Fe 2 O 3  and Fe 2 O 3 –TiO 2  samples on a) a 
millisecond and b) a second timescale. Red lines represent exponential 
fi ts of raw data.
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 Based on the present data, optimization of the material per-
formances will require a fi ne tailoring of Fe 2 O 3  morphology 
to obtain nanosystems endowed with higher porosity, and the 
investigation of higher TiO 2  loadings on such materials and on 
the ultimate functional behavior. Furthermore, detailed studies 
on the properties of the developed systems by incident photon-
to-current effi ciency, external quantum effi ciency, and imped-
ance spectroscopy analyses will also be performed, in order to 
attain a detailed insight on the heterojunction properties.  

  4.     Experimental Section 

  4.1.     Synthesis 

 Fe 2 O 3  nanodeposits were fabricated using a custom-built two-electrode 
PE-CVD apparatus [radio frequency (RF) = 13.56 MHz; electrode 
diameter = 9 cm; interelectrode distance = 6 cm]. [ 41 ]  Depositions were 
performed on previously cleaned [ 41,66 ]  FTO-coated glass substrates 
(Aldrich, 735167-1EA, ≈7 Ω sq −1 ; lateral dimensions = 2.0 × 1.0 cm; 
FTO thickness ≈600 nm). Iron(III) oxide systems were prepared starting 
from Fe(hfa) 2 TMEDA (hfa = 1,1,1,5,5,5–hexafl uoro–2,4–pentanedionate; 
TMEDA =  N , N , N′ , N′ –tetramethylethylenediamine). [ 67 ]  In a typical 
growth experiment, 0.30 ± 0.01 g of precursor powders were placed 
in an external glass reservoir, heated by an oil bath at 65 °C, and 
transported into the reaction chamber by electronic grade Ar [fl ow 
rate = 60 standard cubic centimeters per minute (sccm)]. In order to 
prevent undesired precursor condensation phenomena, connecting gas 
lines were maintained at 140 °C by means of external heating tapes. 
Two additional gas inlets were used for the independent introduction of 
electronic grade Ar and O 2  (fl ow rates = 15 and 20 sccm, respectively) 
directly into the reaction chamber. After preliminary optimization 
experiments, each deposition was carried out for 1 h under the following 
conditions: growth temperature = 400 °C; total reactor pressure = 
1.0 mbar; RF-power of 10 W. 

 The as-prepared Fe 2 O 3  nanodeposits were subsequently coated with 
TiO 2  layers of different thicknesses by means of ALD. ALD experiments 
were performed at a deposition temperature of 150 °C by a Ultratech/
Cambridge Nanotech Inc. Savanna 100 machine operating between 
13–15 mbar in continuous fl ow mode at 20 sccm. Titanium oxide was 
deposited starting from titanium(IV) tetraisopropoxide [Ti(O  i  Pr) 4 ] and 
milliQ water (H 2 O) as Ti and O sources, respectively. Ti(O  i  Pr) 4  was 
purchased from STREM Chemicals, Inc. (France) and used without any 
further purifi cation. MilliQ water was produced by means of a Millipore 
DirectQ-5 purifi cation system starting from tap water. The precursors 
were injected in the reactor directly from stainless steel reservoirs 
maintained at 80 °C [Ti(O  i  Pr) 4 ] and 25 °C (H 2 O). Electronic grade N 2  
was used as carrier to feed the precursor vapors alternatively into the 
reaction chamber. To avoid precursor condensation, both valves and 
delivery lines were maintained at 115 °C. After an initial prescreening 
of the operating conditions, the use of thicker titania overlayers has 
been intentionally discarded in order to prevent the obtainment of 
too compact systems with reduced active area, a feature that could 
detrimentally affect the ultimate functional performances. After this 
optimization process, the cycle numbers were selected (Table  1 ) in order 
to obtain TiO 2  overlayers with the desired thickness. 

 After deposition, thermal treatments were carried out in air for 1 h at 
atmospheric pressure using a Carbolite HST 12/200 tubular furnace (heating 
rate = 20 °C min −1 ) at 650 °C. The use of higher temperatures was discarded, 
to prevent detrimental thermal degradations of FTO substrates. [ 43 ]   

  4.2.     Characterization 

 FE-SEM analyses were carried out using a Zeiss SUPRA 40 VP FE-SEM 
instrument equipped with an Oxford INCA X-sight X-ray detector for 

EDXS investigation, operating at primary beam acceleration voltages 
comprised between 10.0 and 20.0 kV. 

 AFM analyses were run using an NT-MDT SPM solver P47H-PRO 
instrument operating in semicontact/tapping mode and in air. After 
plane fi tting, RMS roughness values were obtained from 3 × 3 µm 2  
images. 

 SIMS investigation was performed by means of an IMS 4f mass 
spectrometer (Cameca) using a Cs +  primary beam (voltage = 14.5 keV; 
current = 25 nA; stability = 0.2%) and negative secondary ion detection, 
adopting an electron gun for charge compensation. Beam blanking 
mode and high mass resolution confi guration were adopted. Signals 
were recorded rastering over a 150 × 150 µm 2  area and detecting 
secondary ions from a subregion close to 10 × 10 µm 2  in order to avoid 
crater effects. 

 XRD measurements were conducted operating in refl ection mode 
by means of a Dymax-RAPID microdiffractometer equipped with a 
cylindrical imaging plate detector, allowing data collection from 0° 
to 160° (2 θ ) horizontally and from −45° to +45° (2 θ ) vertically upon 
using CuKα radiation ( λ  = 1.54056 Å). Each pattern was collected with 
an exposure time of 40 min, using a collimator diameter of 300 µm. 
Conventional XRD patterns were obtained by integration of 2D images. 

 TEM, HAADF-STEM, and EDXS mapping experiments were carried 
out on a FEI Tecnai Osiris microscope, operated at 200 kV and equipped 
with a Super-X high solid angle energy-dispersive X-ray detector, as well 
as a FEI Titan “cubed” microscope (acceleration voltage = 200 kV), 
equipped with an aberration corrector for the probe-forming lens and a 
Super-X high solid angle EDXS detector. 

 XPS analyses were run on a Perkin–Elmer Φ 5600ci apparatus with 
a standard AlKα radiation (hν = 1486.6 eV), at operating pressures 
<10 −8  mbar. Charge correction was performed by assigning to the 
adventitious C1s signal a Binding Energy (BE) of 284.8 eV. [ 68 ]  After a Shirley-
type background subtraction, atomic percentages (at%) were calculated by 
signal integration using standard PHI V5.4A sensitivity factors. 

 Optical absorption spectra were recorded in transmission mode at 
normal incidence by means of a Cary 50 spectrophotometer, using bare 
FTO glass as a reference. In all cases, the substrate contribution was 
subtracted. Tauc plots were determined based on the Tauc equation, 
assuming the occurrence of direct allowed transitions. [ 41,43 ]  

 PEC measurements were performed in unbuffered 1 M NaOH 
solutions and, for selected systems, in simulated sea water (35 g L −1  
sea salt from Tropic Marin), using a saturated calomel electrode 
(SCE) as reference, a Pt wire as counter-electrode and the Fe 2 O 3 –TiO 2  
nanodeposits as working electrodes. A copper wire was soldered on an 
uncovered portion of the FTO substrate to establish electrical connection, 
and an epoxy resin was used to seal all exposed FTO portions, except for 
the electrode working areas. [ 69 ]  Prior to measurements, the electrolyte 
was purged with N 2  to prevent any possible reaction with dissolved O 2 . 
Linear sweep voltammetry (10 mV s −1 ) was carried out between −1.0 and 
1.0 V vs. SCE using a potentiostat (PAR, Versa state IV), both in the dark 
and under front side illumination, using a Xe lamp (150 W, Oriel) with 
an AM 1.5 fi lter. Potentials with respect to the RHE scale ( E  RHE ) were 
calculated using the Nernst equation. [ 35 ] 

     E E E= + + 0.059pHRHE SCE SCE
0   (1) 

 where  E  SCE  and  E  0  SCE  are the actual and standard potentials against SCE. 
 STH effi ciency values are calculated based on the following 

equation [ 5,34 ] 

     j E I( )( ) = × −STH efficiency % 1.23 /RHE light   (2) 

 where  E  RHE  is the applied bias vs. RHE and  I  light  denotes the irradiance 
intensity (equal to 100 mW cm −2  for AM 1.5G illumination). 

 TAS experiments were performed on photoanodes having a 
geometric area of 3 × 3 cm 2  in a three-electrode PEC cell (Zahner-elektrik 
PECC-2) with a Pt counter-electrode, an Ag/AgCl (3  M  KCl) reference 
electrode, and 0.1 M NaOH electrolyte (degassed with N 2  prior to 
measurements). A potential value of 1.6 V vs. RHE was controlled by a 
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standard potentiostat (CompactStat, Ivium Technologies) to probe the 
charge dynamics under water splitting conditions. TAS measurements 
in a microsecond-to-second timescale were carried out by a modifi ed 
fl ash-photolysis apparatus (Luzchem LFP-111) with a New Focus (model 
2051) photodetector and a halogen lamp (9 W, Thorlabs SLS201/M) 
probe. The excitation was fi xed at  λ  = 355 nm, with an energy density of 
0.4 mJ cm −2 . The transient absorption traces were averaged 50–80 times. 
The microsecond-to-second decays are smoothed by using the Savitzky–
Golay method with 25 smoothing point. 

 The picosecond-to-nanosecond TAS experiments were performed 
by a pump-probe system consisting of Libra F-1K (Coherent Inc.) 
generator producing 100 fs pulses at  λ  = 800 nm (1 mJ) with a 
repetition rate of 1 kHz. [ 70 ]  An optical parametric amplifi er (Topas-C, 
Light Conversion Ltd.) was used to provide pump pulses at  λ  = 355 nm. 
The measuring component was ExciPro (CDP Inc.) equipped with two 
array photodetectors coupled with a spectrometer (CDP2022i) set 
for probe detection in the 500–700 nm interval, with averaging over 
10 000 excitation shots. The maximum time range available for probing 
was ≈6 ns. TAS decays were fi tted by using exponential functions in 
order to elucidate the charge transfer processes and corresponding 
timescales in the studied photoanode systems.   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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