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  1.     Introduction 

 With the depletion of fossil fuels and the 
environmental concerns related to their 
combustion, [ 1–3 ]  the availability of renew-
able energy sources has become a crucial 
research focus. [ 4–10 ]  Among the possible 
alternatives, sunlight-driven H 2  generation 
using semiconductor photocatalysis [ 6,11–28 ]  
is a clean approach for a viable utilization 
of solar energy, [ 23,29 ]  in the production of 
a carbon-free energy carrier. [ 1,5,12,24,30–34 ]  In 
this regard, TiO 2  is considered to be the 
most interesting candidate for commercial 
scale-up [ 35 ]  thanks to its favorable photocat-
alytic properties, as well as low cost, non-
toxicity, and chemical stability. [ 5,27,34,36–38 ]  
Nevertheless, detrimental issues such 
as the fast charge carrier recombina-
tion in titania [ 39,40 ]  and its large band gap 
( E  G  = 3.2 eV), [ 17,26,41,42 ]  resulting in the sole 
absorption of UV photons [ 11,28,35 ]  (≈4% of 
the whole solar spectrum), [ 7 ]  severely limit 

TiO 2  applications in sunlight and indoor environment. [ 1,36,43,44 ]  
To extend TiO 2  photoactivity into the visible (vis) region and 
minimize recombination phenomena, several approaches 
have been undertaken, including doping with metals/non-
metals [ 2,32,34,41 ]  and preparation of TiO 2 -based composites 
involving other active materials. [ 38,40,45,46 ]  In this regard, another 
promising photocatalyst is  hematite  (α-Fe 2 O 3 ), [ 16,18,23,29,47 ]  an 
 n -type semiconductor with a smaller band gap ( E  G  = 2.2 eV), [ 22,48 ]  
enabling vis light absorption. [ 1,5,8,11,14,44 ]  Similarly to TiO 2 , Fe 2 O 3  
is environmentally friendly, inexpensive and stable. [ 6,46,49,50 ]  
Nevertheless, its main disadvantages are the low carrier 
mobility, [ 45,48 ]  the limited excited state lifetime [ 11 ]  and the short 
hole diffusion length (<4 nm), [ 3,6,20,22,29 ]  confi ning the effec-
tive photon absorption within ≈10 nm of the surface [ 5,19,21 ]  and 
leading to a lower H 2  photoproduction effi ciency. [ 1,14,19,36 ]  

 As a matter of fact, the tailored fabrication of Fe 2 O 3 –TiO 2  
nanocomposites is a valuable mean to synergistically exploit the 
single oxide advantages, [ 43,45 ]  yielding improved properties both 
in direct photocatalysis [ 3,11,36,41–43,49 ]  and in photoelectrochem-
ical (PEC) H 2 O splitting. [ 6,10,51 ]  Specifi cally, it has been reported 
that Fe 2 O 3  functionalization with an ultrathin TiO 2  surface 
layer, beside passivating Fe 2 O 3  surface trap states, allows 
the tailoring of light absorption and charge carrier transport 
phenomena through the precise engineering of the resulting 

  Hematite –titania nanocomposites, eventually functionalized with gold nano-
particles (NPs), are designed and developed by a plasma-assisted strategy, 
consisting in: (i) the plasma enhanced-chemical vapor deposition of α-Fe 2 O 3  
on fl uorine-doped tin oxide substrates; the radio frequency-sputtering of 
(ii) TiO 2 , and (iii) Au in controlled amounts. A detailed chemicophysical 
charac terization, carried out through a multitechnique approach, reveals that 
the target materials are composed by interwoven α-Fe 2 O 3  dendritic struc-
tures, possessing a high porosity and active area. TiO 2  introduction results in 
the formation of an ultrathin titania layer uniformly covering Fe 2 O 3 , whereas 
Au sputtering yields a homogeneous dispersion of low-sized gold NPs. Due 
to the intimate and tailored interaction between the single constituents and 
their optical properties, the resulting composite materials are successfully 
exploited for solar-driven applications. In particular, promising photocatalytic 
performances in H 2  production by reforming of water–ethanol solutions under 
simulated solar illumination are obtained. The related insights, presented and 
discussed in this work, can yield useful guidelines to boost the performances 
of nanostructured photocatalysts for energy-related applications. 
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heterointerface. Nonetheless, an ad hoc surface layer can also 
offer an improved corrosion protection to the underlying iron 
oxide matrix, an important issue in view of practical applica-
tions. [ 6,10,45,52–54 ]  It is worth highlighting that, in spite Fe 2 O 3  
modifi cation with an ultra-thin TiO 2  overlayer has been demon-
strated to promote a remarkable structural and electronic inter-
play at the Fe 2 O 3 /TiO 2  interface, only very few studies on this 
topic have been published to date. [ 6,10,54 ]  

 To further enhance Fe 2 O 3 -TiO 2  functional performances, a 
viable route has been proven to be the functionalization with 
noble metal (especially Au) particles. In particular, the forma-
tion of metal-oxide Schottky junctions [ 19,26,37,40 ]  has a key role 
in minimizing the recombination of photogenerated charge 
carriers. [ 21,55 ]  To date, various works have been devoted to the 
infl uence of gold NPs on the photoactivity of Fe 2 O 3  [ 19–22 ]  and 
TiO 2  [ 24–27,32,40 ]  for hydrogen production. In regard to composite 
Fe 2 O 3 –TiO 2  systems, previous works have been dedicated to 
their functionalization with metal Ag/Au NPs only for PEC 
water splitting. [ 1,5 ]  In a different way, reports on H 2  production 
by direct photocatalysis have been focused only on gold-free 
Fe 2 O 3 –TiO 2  powdered composites. [ 2,3,31,36,43 ]  So far, no studies 
on supported nanosystems, enabling to avoid fi ltration pro-
cesses and minimize undesired aggregation phenomena, [ 42,46,56 ]  
are available. The catalytic applications of Fe 2 O 3 –TiO 2 –Au 
materials have encompassed CO, industrial wastewater oxi-
dation [ 9,57–59 ]  and H 2  production from methanol, [ 30 ]  but, to 
our knowledge, their use in H 2  photogeneration by direct 
photocatalysis has never been reported. 

 Herein, we demonstrate the use of Fe 2 O 3 –TiO 2 –Au nanosys-
tems to boost the H 2  yield under solar illumination, a largely 
available and intrinsically renewable natural energy source, 
in the absence of any external electrical bias. The advantages 
brought about by the present nanomaterials encompass an 
enhanced photon absorption, [ 1,5 ]  along with a suppressed 
exciton recombination due to the interfacial charge transfer 
at the Fe 2 O 3 –TiO 2 –Au interfaces. [ 1,5,28,34,55,60 ]  In this work, 
Fe 2 O 3 –TiO 2 –Au nanosystems were fabricated by an original 
multistep plasma-assisted approach, allowing a fi ne tailoring 
of the system morphology and of the resulting functional 
performances. [ 39,43 ]  In particular, Fe 2 O 3  nanostructures were 
initially grown by plasma enhanced-chemical vapor deposi-
tion (PE-CVD) on fl uorine-doped tin oxide (FTO) substrates 
and subsequently subjected to the sequential radio frequency 
(RF)-sputtering of TiO 2  and Au at low temperatures, in order 
to avoid detrimental alterations of the pristine oxide systems. 
Efforts have been devoted to exploiting the synergy between 
the typical infi ltration power characterizing RF-sputtering and 
the porosity of the initial oxide matrices [ 4,13 ]  to achieve a con-
trolled dispersion of gold nanoparticles and an intimate contact 
with the oxide system. Complementary experimental observa-
tions have been adopted to investigate the underlying nuclea-
tion and growth mechanisms, with particular attention to the 
interfacial relationships occurring between the various con-
stituents. Finally, the functional behavior of the obtained sys-
tems was investigated in H 2  production by photoreforming of 
renewable sources (i.e., bioethanol aqueous solutions). [ 25 ]  The 
benefi ts offered by photoreforming over direct water splitting 
have already been reported in relation to various metal oxide 
systems. [ 4,7,12,46,56 ]  In this work, the performances of the target 

nanomaterials are presented and discussed for the fi rst time, 
evidencing how a careful control of the composite assembly 
is the key factor to benefi cially affect the system chemical 
reactivity.  

  2.     Results and Discussion 

 In this study, the characteristics of the target materials were 
investigated as a function of their composition, introducing 
each constituent step by step (Fe 2 O 3 –TiO 2 , Fe 2 O 3 –Au, Fe 2 O 3 –
TiO 2 –Au) with the aim of understanding the effects originating 
from variations in their electronic/chemical coupling. For com-
parison purposes, relevant properties of bare Fe 2 O 3 , as well as 
TiO 2 -based samples (see the Supporting Information), were 
also analyzed. In order to perform a preliminary investigation 
of the system morphology and organization as a function of 
composition, fi eld emission-scanning electron microscopy 
(FE-SEM) studies were undertaken and relevant results are 
presented in  Figure    1   for Fe 2 O 3 –Au and Fe 2 O 3 –TiO 2 –Au sam-
ples. As a general rule, FE-SEM images evidenced the presence 
of high-density interwoven nanofl akes, resembling the ones 
occurring on bare Fe 2 O 3  (Supporting Information, Figure S1), 
whose interconnection resulted in the formation of branched 
structures. After functionalization with Au (Figure  1 a–c), the 
system morphology did not undergo major modifi cations 
with respect to bare iron(III) oxide. A careful analysis of the 
recorded images enabled to discern that Fe 2 O 3  aggregates were 
uniformly decorated by low-sized NPs, with average dimen-
sions of (6 ± 2) nm. This value remained unaltered if gold 
sputtering was performed over Fe 2 O 3 –TiO 2  specimens, instead 
of bare Fe 2 O 3  (compare Figures  1 b and  1 e). Such a result indi-
cated that, under the adopted processing conditions, gold NP 
nucleation was not signifi cantly affected by the nature of the 
underlying material. TiO 2  deposition on Fe 2 O 3  nanostructures 
produced a more rounded surface morphology (Figure  1 d 
vs 1a). Cross-sectional FE-SEM images (Figure  1 c; compare also 
Supporting Information, Figure S1) revealed the occurrence of 
dentritic structures, with voids extending deep into the nan-
odeposits, resulting in porous systems. The presence of similar 
arrays has been reported to be benefi cial for light trapping/
scattering phenomena, ultimately favoring also an improved 
light harvesting. [ 14 ]  On the other hand, the use of porous 
structures is advantageous in order to attain a higher contact 
area with the reaction medium. [ 50,56 ]  Estimation of thickness 
values yielded a mean value of (300 ± 30) nm for Fe 2 O 3 –Au 
and Fe 2 O 3 –TiO 2 –Au specimens, respectively, revealing no 
net increase upon functionalization with titania and gold 
in comparison with bare Fe 2 O 3  (Supporting Information, 
Figure S1). In line with this observation, atomic force micros-
copy (AFM) analyses (Supporting Information, Figure S2) 
did not reveal signifi cant morphological differences for the 
target nanomaterials. All the specimens were characterized by 
a granular-like topography, with an average root-mean-square 
(RMS) roughness value of ≈28 nm, independent on the syn-
thesis conditions. The system structure was preliminarily 
analyzed by means of X-ray diffraction (XRD, Supporting 
Information, Figure S3). The obtained patterns revealed the 
presence of refl ections pertaining to rhombohedral α-Fe 2 O 3  
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( hematite ) [ 61 ]  as the sole iron(III) oxide polymorph. The rela-
tively low peak intensity indicated a modest system crystal-
linity, which, in turn, could be traced back to the low adopted 
deposition temperature (see the Experimental Section). No 
other signals related to TiO 2  polymorphs and/or Au could 
be clearly observed, likely due to the low titania amount [ 10 ]  
and high Au NPs dispersion, [ 13,51 ]  as confi rmed by transmis-
sion electron microscopy (TEM) results. As a matter of fact, 
the latter analyses enabled to attain a deeper insight into the 
system nanostructure, with particular regard to TiO 2  and Au 
spatial distribution. To this regard,  Figure    2  a displays a high 
angle annular dark fi eld-scanning TEM (HAADF-STEM;  Z  
contrast) overview image for a Fe 2 O 3 –TiO 2 –Au specimen. The 
energy dispersive X-ray spectroscopy (EDXS) elemental maps 
for Si, Sn, Fe, Ti, and Au pertaining to the same region, pro-
posed in Figure  2 b, reveals that titania and gold are mostly 
concentrated in the outermost material region.   

 Higher magnifi cation HAADF-STEM imaging provided 
important information on the Fe 2 O 3 /TiO 2 /Au interfaces. In fact, 
Figure  2 c evidenced that the Fe 2 O 3  nanofl akes were uniformly 
covered by rounded Au nanoparticles with a mean size in excel-
lent agreement with FE-SEM results (compare Figure  1 ). Rep-
resentative high resolution HAADF-STEM images displayed 
in Figure  2 d revealed the presence of an amorphous titania 

deposit, whose very low thickness (close to 2 nm) prevented 
its clear observation by FE-SEM measurements. [ 10 ]  The obtain-
ment of amorphous TiO 2  could be of interest in view of pos-
sible applications of the target materials in photoelectrochem-
ical water splitting, in order to boost photoanode performances 
in H 2 O photooxidation. [ 62 ]  In addition, high resolution HAADF-
STEM images evidenced the polycrystalline nature of Au nano-
particles. Data displayed in Figure  2 e–g, with particular regard 
to the EDXS elemental maps, clearly confi rmed the presence 
of both TiO 2  and Au in the outermost sample region. Inter-
estingly, a more detailed inspection revealed also an in-depth 
penetration of both TiO 2  and Au, as evidenced by the tailing 
of the corresponding signals in Figure  2 f–g and confi rmed by 
secondary ion mass spectrometry (SIMS) analyses (see below). 
This intimate contact between the composite constituents 
favorably affected the Fe 2 O 3 –TiO 2 –Au reactivity in H 2  photo-
production (see below). Taken together, FE-SEM and TEM data 
demonstrated that the outer material region comprised all the 
three Fe 2 O 3 , TiO 2 , and Au components. As regards Fe 2 O 3 –Au, 
an overview of representative HAADF-STEM and EDXS data is 
presented in the Supporting Information, Figure S4. As can be 
noticed, apart from the absence of titania, the observed features 
were similar to those illustrated in relation to Figure  2 . The 
Fe 2 O 3  near-surface region was decorated by evenly distributed 
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 Figure 1.    Representative plane-view and cross-sectional FE-SEM images for a–c) Fe 2 O 3 –Au and d–f) Fe 2 O 3 –TiO 2 –Au specimens. In each case, the 
histogram of Au particle size distribution is also reported.
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Au nanoparticles with a rounded shape and an average size of 
(6 ± 2) nm, in excellent agreement with FE-SEM data. 

 The surface and in-depth composition was analyzed by the 
combined use of X-ray photoelectron spectroscopy (XPS) and 
SIMS. For sample Fe 2 O 3 –TiO 2 –Au, wide scan XPS spectra (Sup-
porting Information, Figure S5a) evidenced the presence of Au, 
Ti, Fe, and O, along with C signals arising from adventitious 
contamination. For all specimens, the position of the Fe2p spin-
orbit components [binding energy (BE) (Fe2p 3/2 ) = 711.1 eV; BE 
(Fe2p 1/2 ) = 724.8 eV], along with the very weak  shake-up  satellites 
located at BE ≈9 eV higher than the main spin-orbit split com-
ponents, are characteristic of Fe(III) centers in Fe 2 O 3 , [ 8,10,14 ]  free 
from other oxidation states in appreciable amounts. [ 43,44,51,58,63 ]  
Irrespective of the adopted processing conditions, the presence 
of iron was always detected on the sample surface. This obser-
vation suggested a certain dispersion of both TiO 2  and Au into 
the Fe 2 O 3  deposit, as indeed confi rmed by EDXS and SIMS 
data analysis, and was in line with the very low TiO 2  thickness 
discussed in relation to Figure  2 d (see also above). 

 The absence of any net Fe2p BE shift upon going from 
bare iron(III) oxide (Supporting Information, Figure S5c) to 
TiO 2 -containing samples ( Figure    3  a) enabled to rule out the for-
mation of ternary phases in appreciable amounts, [ 2,43 ]  in accord-
ance with results provided by the other characterization tech-
niques. In fact, the Ti2p peaks were unaltered with respect to a 
bare TiO 2  specimen (Figure  3 b), and could be fi tted with a single 
doublet [BE(Ti2p 3/2 ) = 458.9 eV; spin-orbit splitting = 5.7 eV], 
whose features were in line with the occurrence of Ti(IV) in 
TiO 2  (see also Supporting Information, Figure S5b). [ 9,10,34,45,58 ]  
The mean titanium content was ≈24 and ≈12 at% at the system 
surface for Fe 2 O 3 –TiO 2  and Fe 2 O 3 –TiO 2 –Au samples, respec-
tively. The Au4f 7/2  peak position (BE = 84.1 eV; spin-orbit split-
ting = 3.7 eV; Figure  3 c) indicated the presence of metallic Au 
particles, [ 21,24–26,30,59,63 ]  with no appreciable BE variation with 
respect to bulk Au. [ 27,32,40 ]  For both the Fe 2 O 3 –Au and Fe 2 O 3 –
TiO 2 –Au samples, the mean gold surface content was evaluated 
to be ≈66 at%, in line with a very similar Au NPs dispersion 
and average size in both samples (see above).  

 Finally, two components contributing to the surface O1s 
photopeak were present (Figure  3 d). The main band (I), cen-
tered at BE = 530.0 eV, was attributed to lattice oxygen in Fe 
and Ti oxides, [ 3,13,21,44 ]  whereas component (II) at BE = 531.8 eV 
(typically ≈20% of the total O signal) was ascribed to the con-
currence of adsorbed oxygen/surface –OH groups arising from 
contact with the outer atmosphere. [ 3,34,42,51 ]  Relevant informa-
tion on in-depth chemical composition, with particular regard 
to the mutual distribution of the various species, was gained by 
SIMS. Figure  3 e,f compares the profi les pertaining to Fe 2 O 3 –
TiO 2  and Fe 2 O 3 –TiO 2 –Au specimens. In general, the carbon 
content was lower than 100 ppm, evidencing the purity of the 
synthesized materials. In all cases, a homogeneous distribu-
tion of Fe and O ionic yields throughout the nanodeposit thick-
ness could be observed, confi rming the uniform formation 
of iron(III) oxide. As can be noticed, the outermost sample 
region was Ti-rich, in line with the above observations (see 
Figure  2  and related comments). At higher depth values, tita-
nium signals underwent a slow decrease up to a stable level, 
before dropping off at the interface with the substrate. This 
phenomenon suggested a notable intermixing between iron 
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 Figure 2.    a) Cross-sectional HAADF-STEM overview image of a Fe 2 O 3 –
TiO 2 –Au specimen. b) Corresponding EDXS chemical map. c) HAADF-
STEM image of the Fe 2 O 3 /TiO 2 /Au interface. d) HAADF-STEM image 
of the Fe 2 O 3 /TiO 2  interface. The inset shows a high resolution HAADF-
STEM image of polycrystalline Au nanoparticles. e) HAADF-STEM and 
f) EDXS elemental map of the Fe 2 O 3 /TiO 2 /Au interface. The intensity 
profi le along the arrow in (f), plotted in (g), clearly shows the presence 
of Ti and Au in the outermost Fe 2 O 3  region.
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and titanium oxides, as previously mentioned. Upon gold 
functionalization (Figure  3 f), no signifi cant variation of Fe, Ti, 
and O profi les took place. It is worthwhile observing that the 
Au ionic yield displayed an erfchian profi le, [ 13 ]  with a progres-
sively decreasing intensity at higher depth. Since the presence 
of SIMS artifacts could be excluded due to the adopted high 
mass resolution (HMR) confi guration, these results confi rmed 
that the adopted synthetic strategy enabled an effi cient and 
homogeneous in-depth dispersion of both TiO 2  and Au NPs in 
Fe 2 O 3 . The observed behavior could be attributed to the synergy 
between the inherent porosity of the iron(III) oxide deposits 
and the high infi ltration power of the sputtering technique, [ 13,64 ]  
further enhanced by plasma bombardment. In fact, due to the 
low processing temperatures (≤100 °C) and the absence of any 
ex situ annealing (see the Experimental Section), signifi cant 
thermal effects could be discarded. For the same reasons, the 
Sn tailing extending into the nanodeposits could not be attrib-
uted to tin diffusion from the FTO substrate, at variance with 
previous studies, [ 13,14,51 ]  but rather traced back to the inher-
ently high roughness of the used FTO substrates, evidenced by 
images displayed in Figure  1 c,f. 

 Taken together, the above observations demonstrate the for-
mation of Fe 2 O 3 –TiO 2 –Au nanocomposites with an intimate 
contact between all the constituents. This feature is extremely 
promising in view of hydrogen photogeneration, thanks to the 
possibility of exploiting the mutual interactions between the 
various composite components. 

 Optical properties of the materials in the UV–vis-NIR 
range were investigated using absorption spectroscopy. The 
recorded profi les, displayed in  Figure    4  , are very similar to 
those reported for pure iron(III) oxide nanomaterials, [ 14 ]  in 
accordance with the fact that Fe 2 O 3  is the main component of 
the target systems. Whereas the introduction of TiO 2  did not 
induce any major change with respect to the case of bare Fe 2 O 3 , 
a slight absorbance increase could be noticed upon Au intro-
duction. This phenomenon can be better appreciated from the 
inset in Figure  4 , showing an enlargement of the 500–800 nm 
wavelength range, in which the gold surface plasmon reso-
nance (SPR) peak should be located. [ 1,26,27,32,34,37 ]  In particular, 
this band can be appreciated at λ ≈ 600 nm for the TiO 2 –Au 
specimen. [ 24,27,40 ]  A detailed spectra comparison highlighted 
the presence of a modest SPR contribution for the Fe 2 O 3 –Au 
specimen [ 19,21,22 ]  (inset in Figure  4 ).  

 The optical band gaps for Fe 2 O 3  and Fe 2 O 3 –TiO 2  samples 
were determined from Tauc plots (Supporting Information, 
Figure S6), assuming the occurrence of direct allowed electronic 
transitions. [ 14,45,47 ]  The obtained values ( E  G  = 2.20 ± 0.05 eV) 
were in good agreement with those for Fe 2 O 3  [ 45 ]  and Fe 2 O 3 –
TiO 2  specimens, [ 51 ]  and suggested that TiO 2  introduction did 
not appreciably affect the system optical properties in the vis 
interval. [ 51 ]  

 Hydrogen photoproduction was achieved under simulated 
solar light without the application of any external bias. Prelimi-
nary control experiments demonstrated that no H 2  generation 
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 Figure 3.    Surface and in-depth compositional analyses. a) Fe2p, b) Ti2p, 
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took place without illumination or in the absence of the target 
materials. The results obtained for the different samples are 
presented in  Figure    5   as a function of the irradiation time. 
Even bare Fe 2 O 3  and TiO 2  (see also Supporting Informa-
tion, Figure S7) were able to drive H 2  production, though in 
small amounts. In fact, at variance with bulk Fe 2 O 3 , supported 
iron(III) oxide nanosystems possess the correct conduction 
band edge positions to promote proton reduction. [ 65 ]  Therefore, 
the photocatalytic performances of bare Fe 2 O 3  strongly depend 
on the specifi c preparation conditions and the resulting nano-
organization. [ 12,50 ]  Regardless of the used processing conditions, 
all the specimens presented an initial induction period (≈2 h), 
characterized by a progressive increase of the hydrogen yield 
up to a constant rate value (Figure  5 a). This pheno menon sug-
gested the occurrence of a light-induced surface activation 
and the subsequent establishment of an equilibrium between 

by-products adsorbed on the catalyst surface and in the liquid/
gas phase. [ 56 ]  It is worthwhile observing that H 2  yields were 
almost constant for irradiation times >14 h, evidencing an 
appreciable stability upon prolonged utilization, and no signifi -
cant photocorrosion phenomena. The linear trends observed in 
Figure  5 b are in agreement with the long term time stability 
of the system photocatalytic performances, of great interest for 
possible practical applications. [ 43,46 ]   

 The mechanism by which H 2  is produced via photoreforming 
of H 2 O/ethanol solutions proceeds by ethanol absorption on a 
surface adsorption site ( ∗ ), leading to ethoxide species (1). Sub-
sequent reaction with a photogenerated hole (h + ) results in 
the production of acetaldehyde (2), quickly desorbed from the 
photocatalyst surface. Surface adsorbed hydrogen ions H +  (ads)  
can then lead to H 2  formation (3). [ 12,50 ]  The overall process can 
be schematically described as follows: 

 
CH CH OH * CH CH O H3 2 3 2 ads ads+ → +( ) ( )

− +

 
   ( 1)   

 
CH CH O h CH CHO H e3 2 ads 3 ads

+
ads+ → + +( ) ( ) ( )

− + −

 
   ( 2)   

 
2H 2e H H(ads) 2 ads 2 g+ → → ( )( )

+ −

 
   ( 3)    

 Consistently with the proposed mechanism, acetaldehyde 
formation, parallel to the hydrogen evolution, was observed 
both in the liquid and in the gas phase. Products of subsequent 
oxidation, such as acetic acid or CO 2 , were not detected, likely 
due to the volatility of the former product that, in the presence 
of an ethanol excess, is quickly displaced from the photocatalyst 
surface, preventing thus any further oxidation. 

 A detailed inspection of the obtained results (Figure  5 ) evi-
denced that H 2  evolution rates displayed an enhancement 
according to the following trend: Fe 2 O 3  < Fe 2 O 3 –TiO 2  < Fe 2 O 3 –
Au < Fe 2 O 3 –TiO 2 –Au. Correspondingly, hydrogen yields nor-
malized by the active catalyst mass (mmol h −1  g −1 ) increased in 
the order 3.7 < 9.0 < 16.9 < 20.9. Interestingly, the Fe 2 O 3 –TiO 2 –
Au material displayed a hydrogen production rate more than 
fi ve times higher than bare Fe 2 O 3  systems. Notably, the cor-
responding value compared favorably with one of the state-of-
the-art photocatalysts, black hydrogenated titania functionalized 
with Pt NPs, [ 66 ]  and P25 TiO 2  functionalized with Au NPs. [ 33 ]  
The validity of the present results is further highlighted by the 
use of supported nanosystems with a minimal amount of active 
material, that enable to avoid sintering/fi ltration problems typi-
cally presented by powdered photocatalysts [ 42,46 ]  and pave thus 
the way for real-world applications. 

 The above reported performance trend was evident also 
analyzing the solar-to-fuel effi ciency (SFE) values obtained 
under simulated sunlight irradiation (defi ned as reported in 
the Supporting Information): Fe 2 O 3  (0.02%) < Fe 2 O 3 –TiO 2  
(0.05%) < Fe 2 O 3 –Au (0.09%) < Fe 2 O 3 –TiO 2 –Au (0.11%). 
Despite the obtained values were not very high, the present 
data indicated a clear dependence of functional performances 
on the actual system composition and nanostructure, taking 
into account that, as already mentioned, bulk Fe 2 O 3  is inac-
tive in the target process. [ 65 ]  It is worth noticing that, for the 
best performing specimen, the evaluated SFE was higher 
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 Figure 5.    a) H 2  evolution rates and b) integrated H 2  production obtained 
during the photoreforming of water–ethanol solutions under simulated 
solar illumination.
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than those previously reported for PE-CVD α-Fe 2 O 3 -based 
nanosystems. [ 50,67 ]  

 The very favorable performances of the present materials 
can be traced back to their unique morphological organiza-
tion. [ 43 ]  In fact, the presence of voids, extending deep into the 
system structure (see the above morphological data), exposes 
also the internal surface to the reaction medium, providing 
short carrier transport distances and suppressing undesired 
recombination processes. [ 47 ]  Nevertheless, signifi cant contri-
butions from the system surface area to the above reported 
reactivity order can be excluded, since all the analyzed mate-
rials displayed similar surface roughness (see above), the latter 
parameter being, in turn, proportional to the active area. [ 14 ]  
To better understand the above reported reactivity order, it 
is worthwhile considering that Fe 2 O 3 –TiO 2  composites per-
formed better than the single oxides (see also Supporting 
Information, Figure S7) thanks to the formation of Fe 2 O 3 –
TiO 2  heterojunctions, which resulted in an improved charge 
carrier separation [ 11,39,41,42,49 ]  that, in turn, had a direct ben-
efi cial effect to drive the target H 2  photogeneration. In addi-
tion, Figure  5  shows that Fe 2 O 3 –Au systems provided a sys-
tematically higher hydrogen yield than Fe 2 O 3 –TiO 2  ones. This 
phenomenon can be interpreted basing on the concurrence of 
two main effects. First, the formation of Schottky junctions 
between iron(III) oxide and Au NPs is favorable in suppressing 
detrimental recombination processes, making photogenerated 
electrons more easily available for hydrogen formation. [ 50 ]  In 
addition, Au nanoparticles can act as an antenna that localizes 
the optical energy and transfers it to the oxide semiconductors 
within ≈10 nm of the metal. [ 17,19,26 ]  As far as Fe 2 O 3 –TiO 2 –Au 
system is concerned, the best performances obtained herein 
can be explained taking advantages of the concomitant benefi -
cial effects described above. [ 42,50 ]  

 The use of a cut off fi lter at 420 nm, in combination with 
simulated solar light, showed that the hydrogen production 
under pure visible light irradiation is negligible or within the 
experimental error and similar for all the investigated materials, 
indicating that the promising activity under simulated sunlight 
was mainly due to the absorption of the UV fraction. Basing on 
the obtained results, a possible mechanism accounting for the 
system behavior has been devised and proposed in  Figure    6  . 
Under simulated solar light, which comprises both UV and 
vis irradiation, effi cient UV photon absorption occurs with 
electrons promotion from VBs into the corresponding CBs for 
both Fe 2 O 3  and TiO 2 . Subsequently, photogenerated electrons 
can be successfully transferred to Au NPs, acting as electron 
sinks, [ 1,26,35,50 ]  and play a direct role in the reduction of H +  to 
H 2 . [ 55 ]  The holes generated in this process can likely access the 
outermost material surface, thanks to the very low TiO 2  thick-
ness (≈2 nm, as estimated by cross-sectional TEM analyses; 
see above and Figure  2 d). To corroborate this observation, it 
is worth recalling that the hole diffusion length in TiO 2 -based 
systems is typically comprised between 10 and 100 nm, [ 68,69 ]  
and that the use of thicker titania layers has detrimental effects 
on the resulting functional performances. Thanks to the capa-
bility of Au to collect photogenerated electrons, that reduce the 
extent of the e − /h +  recombination processes, the longer lifetime 
of the photoproduced holes results in a more effi cient ethanol 
photooxidation.   

  3.     Conclusions 

 The present work has been focused on a low-temperature 
plasma-assisted route to the formation of multicomponent 
photocatalytic materials. The proposed strategy involved the 
PE-CVD of Fe 2 O 3  nanomaterials on FTO substrates, resulting 
in porous systems that were subsequently functionalized with 
TiO 2  and Au NPs in tailored amounts. The adopted low-tem-
perature synthetic protocol, which can be potentially extended 
to thermally labile substrates, enabled to avoid solid state 
reactions between Fe 2 O 3  and TiO 2  and to fabricate pure and 
large-area nanocomposites. The latter were characterized by 
the formation of an amorphous titania layer uniformly cov-
ering the underlying α-Fe 2 O 3  nanodeposits, and by an even 
dispersion of Au NPs characterized by a controllable spatial 
distribution. The intimate contact between the single com-
ponents had a strategic importance to obtain highly prom-
ising H 2  production rates, achieved in the photoreforming 
of water–ethanol solutions promoted by solar illumination, 
without the need of any applied bias. The functional behavior 
of Fe 2 O 3 –TiO 2 –Au photocatalysts was rationalized in terms 
of an enhanced carrier separation at the single component 
interface and an improved light harvesting, demonstrating 
the importance of morphological and compositional control 
in the development and mastering of advanced nanocompos-
ites. To our knowledge, this work represents the fi rst example 
of photoassisted H 2  production by supported Fe 2 O 3 –TiO 2 –Au 
nanosystems produced by low-temperature plasma-assisted 
approaches. 
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 Figure 6.    Simplifi ed sketch of the main processes occurring during eth-
anol photoreforming under simulated solar illumination on Fe 2 O 3 –TiO 2 –
Au specimens (VB = valence band; CB = conduction band).
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 Basing on the present data, further efforts to improve 
the overall material performances will involve the concomi-
tant optimization of Fe 2 O 3  morphology, to obtain nanosys-
tems endowed with higher porosity, and the possible use of 
higher TiO 2  and/or Au loadings to further enhance the system 
functional performances. In addition, the results presented 
herein pave the way for sustainable energy generation from 
abundant and renewable natural sources, as well as for tech-
nological applications even in other solar-driven processes, 
such as self-cleaning surfaces or wastewater purifi cation. Our 
attention will be also devoted to the use of the target nano-
materials as photoanodes for PEC H 2 O splitting applications, 
with particular regard to the interplay between their chemi-
cophysical and functional properties as a function of ex situ 
thermal treatments in air. Research activities in this direction 
are already under way.  

  4.     Experimental Section 

  Synthesis : The fabrication of the target materials was carried out by 
means of a stepwise vapor phase process, as illustrated in  Scheme    1  . 
Iron(III) oxide was deposited on FTO-coated glass substrates (Aldrich, 
735167-1EA, lateral dimensions = 2.0 cm × 1.0 cm; FTO thickness = 
600 nm) (Scheme  1 , step 1), precleaned according to a well-established 
procedure. [ 64 ]  Basing on previous experiments, [ 70 ]  depositions were 
carried out at a substrate temperature of 100 °C using the following 
conditions: RF-power = 10 W; total pressure = 1.0 mbar; duration = 1 h. 
As concerns both titania layer thickness and Au loading, the data collected 
in the present work are the result of a series of optimization experiments 
carried out in our laboratories. [ 71 ]  In particular, TiO 2  RF-sputtering on 
Fe 2 O 3  deposits (Scheme  1 , step 2b) was carried out under the following 
conditions: substrate temperature = 60 °C; Ar fl ow rate = 10 sccm; total 
pressure = 0.3 mbar; RF-power = 20 W; sputtering time = 3 h. After 
an initial prescreening of the operating conditions, the use of higher 
RF-powers or longer deposition times was intentionally avoided in order 
to prevent the obtainment of too compact systems with reduced active 
area, a feature detrimentally affecting the ultimate functional behavior 
in photo-assisted hydrogen production. Indeed, preliminary experiments 
involving longer titania deposition times (up to 5 h) yielded negligible H 2  
photoproduction rates with respect to the present Fe 2 O 3 -TiO 2  materials. 
As a consequence, these conditions were discarded and the attention was 
focused on a process duration of 3 h for titania deposition.  

 Finally, basing also on previously reported results, [ 46 ]  Au NPs were 
deposited on the obtained systems (Scheme  1 , steps 2a/3) using the 
same conditions adopted for TiO 2  sputtering, apart from the RF-power 
(5 W) and the sputtering time (20 min). These parameters enabled to 
avoid the complete coverage of the underlying systems by a continuous 
gold overlayer. Further experimental details are reported in the 
Supporting Information. 

  Characterization : The average deposit mass, measured by using a Mettler 
Toledo XS105DU Microbalance, was evaluated to be 0.20 ± 0.02 mg. 

 FE-SEM images were collected by a Zeiss SUPRA 40 VP instrument, 
operating at a primary beam acceleration voltage of 10.0 kV, using 
an in-lens detector. The ImageJ ( http://imagej.nih.gov/ij/ , accessed: 
November 2015) picture analyzer software was used to estimate the 
average nanoparticle dimensions and thickness values by averaging over 
100 independent measurements. AFM analyses were carried out by an 
NT-MDT SPM solver P47H-PRO apparatus operating in semicontact 
mode. After a plane fi tting procedure, RMS roughness [ 42 ]  values were 
obtained from 3 × 3 µm 2  images. 

 XRD analyses were run in refl ection mode on a Dymax-RAPID X-ray 
microdiffractometer equipped with a cylindrical imaging plate detector, 
using CuKα radiation (λ = 1.54056 Å) and a collimator diameter of 
300 µm. Conventional XRD patterns were obtained by integration of 2D 
images. 

 Cross-sectional samples for TEM investigation were prepared by 
ion milling in a Leica RES 102 ion mill. HAADF-STEM imaging 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 EDXS detector. High resolution HAADF-STEM imaging was 
performed on a FEI Titan “cubed” microscope (acceleration voltage = 
300 kV), using a convergence semiangle α of 22 mrad and a collection 
inner semiangle β of 50 mrad. 

 XPS analyses were conducted on a Perkin-Elmer Φ 5600ci instrument 
using a standard AlKα radiation (hν = 1486.6 eV), at working pressures 
<10 −8  mbar. The obtained BE values (uncertainty = ±0.2 eV) were 
corrected for charging effects by assigning to the adventitious C1s signal 
a position of 284.8 eV. [ 63,72 ]  After a Shirley-type background subtraction, 
O1s, Ti2p and Au4f raw spectra were fi tted by means of a nonlinear 
least-squares deconvolution program (XPS Peak 4.1,  http://xpspeak.
software.informer.com/4.1/ , accessed: July 2015), using Gaussian–
Lorentzian peak shapes. The fi tting results are displayed along with the 
raw spectra in Figure  3  and Figure S5 of the Supporting Information. 
Atomic percentages (at%) were calculated by photopeak integration, 
using standard PHI V5.4A sensitivity factors. 
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 Scheme 1.    Graphical representation of the synthetic approach adopted 
for the fabrication of the target oxide nanomaterials and their function-
alization with Au NPs.
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 SIMS analyses were carried out by means of a IMS 4f mass 
spectrometer (Cameca) using a 14.5 keV Cs +  primary beam 
(current = 30 nA, stability = 0.3%) and negative secondary ion detection. 
An electron gun was used for charge compensation. Beam blanking 
mode and HMR confi guration were adopted to improve the in-depth 
resolution and avoid mass interference artifacts, respectively. Signals 
were recorded rastering over a 150 × 150 µm 2  area, sampling secondary 
ions from a sub-region close to 8 × 8 µm 2  in order to avoid crater effects. 
The erosion rate was evaluated by taking the depth of the erosion crater 
at the end of each analysis by a Tencor Alpha Step profi lometer. 

 Optical absorption spectra were acquired operating in transmission 
mode and at normal incidence by means of a Cary 50 spectrophotometer, 
using bare FTO-coated glass substrate as a reference. In all cases, the 
substrate contribution was subtracted. 

 Photoreforming experiments were carried out from H 2 O/CH 3 CH 2 OH 
mixtures under an Ar fl ow, using a Solar Simulator and an Atmospheric 
Edge Filter (cut-off at λ = 300 nm). On-line detection of hydrogen and 
volatile by-products was carried out by gas chromatography using 
Ar as carrier. Further technical details are reported in the Supporting 
Information.  

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