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Earth-abundant, non toxic and cheap Fe2O3 can be used as photo-

catalyst for sustainable hydrogen production from bio-ethanol

aqueous solutions, under sunlight irradiation and without the appli-

cation of any external electrical bias. To this aim, supported materials

are not only technologically more appealing than powders, but also of

key importance to develop photoactive and stable Fe2O3-based

nanostructured photocatalysts. Here we demonstrated that, while

bulk Fe2O3 is unsuitable for solar hydrogen evolution, nanostructured

iron(III) oxide polymorphs showpromising photoactivity. In particular, a

hydrogen yield of 20mmol h�1 m�2 was obtained on 3-Fe2O3 nanorod

arrays supported on Si(100) under simulated sunlight irradiation,

mainly due to UV solar photon absorption. The functionalization with

partially oxidized Ag nanoparticles resulted in a positive performance

improvement upon selective irradiation with the UV portion of the

solar spectrum. Conversely, the incorporation of Au nanoaggregates

into 3-Fe2O3 enabled to obtain a significant H2 production even under

sole Vis light.
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Hematite (a-Fe2O3) has been receiving constantly increasing
attention as a non-inert support for water gas shi reaction
(WGSR), preferential oxidation (PROX) or CO oxidation cata-
lysts,1,2 and, more recently, as a promising photoactive material
in various energy-related applications, owing to its favorable
chemical and physical properties, chemical stability in aqueous
environments, non toxicity and high abundance.3 As a relevant
example, hematite has been widely investigated as photoanode
in photoelectrochemical (PEC) cells for the sustainable
conversion of sunlight into chemical energy through water
splitting into O2 and H2.4,5 Remarkably, a careful nanoscale
design of hematite is the key step to obtain promising perfor-
mances in water oxidation, circumventing its main disadvan-
tages related to low light harvesting efficiencies and short
photogenerated charge carrier lifetime.3 Recently, the fabrica-
tion of supported iron(III) oxide nanomaterials proved the
possibility of their applications not only in solar hydrogen
production, but also in photoinduced hydrophilicity and pho-
tocatalytic pollutant oxidation, signicantly broadening the
potential perspectives for Fe2O3 technological applications.6–8

In particular, 3-Fe2O3, a scarcely investigated iron(III) oxide
polymorph,9 grown in the form of supported pillars, shows good
photocorrosion stability and promising activity in solar
hydrogen production under 1.5 AM simulated solar irradiation
in aqueous solutions containing alcohols.6 In order to boost
hydrogen yields and exploit the sustainable use of Vis light
provided by the Sun, we investigated the effect of metal nano-
particles (NP) addition to 3-Fe2O3 nanorod arrays on solar
hydrogen production. To this aim, we selected Ag and Au due to
(i) their catalytic activity, (ii) the formation of metal-oxide
Schottky junctions with Fe2O3, and (iii) the possibility of
exploiting localized surface plasmon resonance (LSPR),
ensuring a higher charge carrier lifetime and an improved Vis
light absorption.10–13

Therefore, 3-Fe2O3 was deposited on Si(100) substrates via
chemical vapor deposition (CVD), using Fe(hfa)2TMEDA as a
molecular source (hfa ¼ 1,1,1,5,5,5-hexauoro-2,4-pentanedio-
nate; TMEDA ¼ N,N,N',N'-tetramethylethylenediamine).14
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Schematic representation of the adopted preparation
protocol for the synthesis of 3-Fe2O3 nanosystems functionalized with
Ag or Au nanoparticles.
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Subsequently, silver and gold deposition on iron oxide samples
was performed by a radio frequency (RF) plasmochemical
reactor using electronic grade Ar (purity ¼ 5.0) as plasma
source. Finally, the obtained Ag/3-Fe2O3 and Au/3-Fe2O3 systems
Fig. 1 Plane-view (left) and cross-sectional (center) FE-SEM micrograp
corresponding EDXS line-scans (right) collected along the lines marked i
abscissa increase.

This journal is © The Royal Society of Chemistry 2014
were annealed in air at 400 �C for 1 h [see Scheme 1 and ESI† for
more details].

Two-dimensional X-ray diffraction [2D-XRD, Fig. S1 of the
ESI†] images revealed the occurrence of single-phase 3-Fe2O3

[Pattern n�51122, Inorganic Chemical Structure Database
(ICSD), 2007], free from other iron(III) oxide polymorphs (Table
S1, ESI†). Aer Ag and Au introduction, no appreciable varia-
tions of the 3-Fe2O3 structure could be clearly observed, a
phenomenon related to the mild conditions adopted for the
sputtering processes, which, in turn, resulted in a high disper-
sion of Ag- and Au-containing aggregates.

Field emission-scanning electron microscopy (FE-SEM)
micrographs (Fig. S2, ESI†) showed that iron oxide nanodeposits
were characterized by homogeneous nanorod arrays grown
perpendicular to the substrate surface. The nanorods, with an
average diameter of 60� 20 nm, were assembled in a matrix with
an overall thickness of 520 � 30 nm. The obtainment of high
aspect ratio (9 � 3) nanorods with reduced lateral dimension
results in a high active area and is advantageous to minimize
charge carrier transport distances to the material surface, sup-
pressing thus detrimental recombination losses. In addition,
such systems represent ideal platforms for the subsequent
functionalization with Ag and Au NPs, ensuring to the latter an
intimate interfacial contact with Fe2O3 nanostructures, of great
importance to improve functional performances.
hs for Ag/3-Fe2O3 and Au/3-Fe2O3 nanorod arrays, together with the
n the specimen cross-sectional views. Arrows indicate the direction of
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Fig. 2 Left panels: cross-sectional scanning TEM (STEM)-HAADF
images of (a) Ag/3-Fe2O3 and (c) Au/3-Fe2O3 composite samples. The
high-Z nanoparticles appear brighter than the matrix. Right panels:
TEM images showing a detail of the sample surface with (b) Ag and (d)
Au particles.

Fig. 3 (a) Ag3d and (b) Au4f photoelectron peaks for Ag/3-Fe2O3 and
Au/3-Fe2O3 nanosystems. SIMS depth profiles for (c) Ag/3-Fe2O3 and
(d) Au/3-Fe2O3 samples.
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Aer RF-sputtering and thermal treatment, FE-SEM images
(Fig. 1) showed that Ag and Au NPs were effectively dispersed on
the surface of 3-Fe2O3 nanorod arrays, whose pristine
morphology was preserved. Cross-sectional FE-SEM investiga-
tion coupled with energy dispersive X-ray spectroscopy (EDXS)
line-scans evidenced a different in-depth dispersion for silver
and gold particles, in spite of the very similar metal content (z3
weight%) in the two samples. To attain a deeper insight into the
spatial distribution of Ag and Au NPs inside the iron(III) oxide
matrices, a transmission electron microscopy (TEM) investiga-
tion was carried out (Fig. 2). High angle annular dark eld
(HAADF) analyses showed that silver particles were distributed
from the Fe2O3 surface down to the interface with the substrate
(Fig. 2a). Conversely, gold particles were mainly conned in the
material outermost regions, within a depth of z100 nm, cor-
responding to the nanorod tips (Fig. 2c and pertaining inset).
Since EDXS measurements revealed an almost identical metal
content for Ag and Au-containing samples, the different in-
depth distributions observed for silver and gold nanoparticles
can be traced back to the actual oxidation states of the two
metals. In fact, XPS data (see below and Fig. 3a and b) pointed
out to a partial Ag surface oxidation, resulting in the co-pres-
ence of Ag(0) and Ag(I) oxide. Conversely, gold was present only
in its metallic state. The occurrence of surface Ag(I) oxide on
silver NPs, resulting in a higher chemical affinity with 3-Fe2O3

matrices with respect to the case of Au, can be considered as the
main responsible for the higher in-depth penetration of silver-
containing nanoparticles.

Irrespective of the metal nature, high resolution TEM anal-
yses (Fig. 2b and d) enabled to conrm that all the particles were
crystalline and homogenously dispersed between 3-Fe2O3

nanorods. The average size of silver and gold NPs was 10 � 4
and 15 � 5 nm, respectively.

X-ray photoelectron spectroscopy (XPS, Fig. 3a, b and S3,
ESI†) surface analyses evidenced the presence of iron, oxygen
and, eventually, silver/gold, along with minor adventitious
32176 | RSC Adv., 2014, 4, 32174–32179
carbon contamination (<10.0 at%). The presence of iron(III)
oxide free from other Fe oxidation states was conrmed by the
Fe2p signal [binding energy (BE) (Fe2p3/2) ¼ 711.1 eV; spin–
orbit splitting ¼ 13.7 eV, Fig. S3b, ESI†],9,15 whereas the O1s
signal resulted from the concomitant contribution of lattice
Fe2O3 oxygen (BE ¼ 530.0 eV) and surface –OH species (BE ¼
531.8 eV, Fig. S3c of the ESI†).16 Accordingly, the O/Fe atomic
ratio was slightly higher than the expected stoichiometric value.

As concerns the deposited NPs, XPS analyses revealed a
partial Ag surface oxidation [BE (Ag3d5/2) ¼ 368.4 eV, Fig. 3a],
responsible for the co-presence of Ag(0) and Ag(I) oxide
species.15,16 In a different way, gold NPs showed the occurrence
of the sole Au(0) [BE (Au4f7/2)¼ 84.6 eV, Fig. 3b].17 This BE value,
z0.5 eV higher than the typical ones for metallic gold, resulted
from both initial-state (charge exchange between gold and iron
oxide) and nal-state (relaxation and screening) phenomena,
and evidenced the formation of Schottky junctions between Au
NPs and 3-Fe2O3 nanorods.11,18 The Ag and Au surface molar
fractions (see ESI†) were XAg ¼ 2% and XAu ¼ 54%, in line with
the different distribution of Ag and Au NPs in the 3-Fe2O3

matrices evidenced by EDXS and TEM analyses (Fig. 1 and 2). To
investigate the in-depth chemical composition, secondary ion
mass spectrometry (SIMS) analyses were carried out. The data
(Fig. 3c and d) revealed nearly parallel trends for Fe and O ionic
yields, with well-dened interfaces with the substrate, con-
rming the homogeneity of the prepared 3-Fe2O3 matrices.
Conversely, appreciable differences were observed in Ag and Au
distribution. In fact, Ag NPs were evenly dispersed throughout
the whole iron(III) oxide (Fig. 3c), whereas Au ionic yield dis-
played a progressively decreasing intensity with sputtering time,
suggesting that gold was conned in the outermost material
region, in line with the above observations.

Solar-driven hydrogen production from the target nano-
materials was achieved without any applied bias under
This journal is © The Royal Society of Chemistry 2014



Fig. 4 (a) H2 evolution rates and (b) integrated H2 production from ethanol photoreforming on 3-Fe2O3, Ag/3-Fe2O3 and Au/3-Fe2O3 promoted
by solar illumination.
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simulated sunlight, from 1 : 1 water–ethanol solutions. No H2

generation was observed in the absence of photocatalysts or
without irradiation. Fig. 4 displays the H2 evolution as a func-
tion of time, evidencing an appreciable reactivity coupled with a
remarkable stability. The latter is further conrmed by the
absence of detrimental photoleaching phenomena, previously
observed in the case of a-Fe2O3-based photocatalysts.6 Beside
H2 evolution, acetaldehyde and 1,2-diethoxyethane formation
was detected in the liquid phase, whereas no CO2 was observed
in the gas phase. These evidences are consistent with the
following mechanism, involving the initial ethanol adsorption
on Fe2O3 surface:19

CH3CH2OH + 2* / CH3CH2O(ads)
� + H(ads)

+ (1)

where * represents an adsorption site. Subsequently, the
abstraction of a second hydrogen atom from ethoxide species
via reaction with a photoproduced hole (h+) results in acetal-
dehyde formation:

CH3CH2O(ads)
� + h+ + * / CH3CHO(ads) + H(ads)

+ + e� (2)

The weak acetaldehyde interaction with Fe2O3 surface leads
to a fast desorption, preventing thus its further photooxidation.
Consistently, no acetic acid or CO2 could be detected. In the
liquid phase, ethanol and acetaldehyde established an equi-
librium, resulting in 1,2-diethoxyethane formation (see Fig. S4
of the ESI†). Finally, proton reduction leads to the formation of
molecular hydrogen:

2H(ads)
+ + 2e� / H2(ads) / H2(g) (3)

The technological importance of the actual performances is
strengthened by the use of supported nanomaterials, enabling
to circumvent ltration/sintering problems associated to
powdered photocatalysts. In addition, the fabrication of sup-
ported nanostructures appears to be a key requirement to
ensure solar-driven photoactivity. In fact, we prepared unsup-
ported bulk a- and b-Fe2O3 polymorphs according to ref. 20 and
This journal is © The Royal Society of Chemistry 2014
21, obtaining no H2 production under the same experimental
conditions, at variance with the corresponding supported
nanosystems.6 Therefore, the present results highlight the
critical role of iron(III) oxide morphology and phase composi-
tion (3-Fe2O3 in this case), which, on the other hand, cannot be
obtained in bulk-unsupported forms.22 We recently showed that
the conduction band (CB) edge of nanostructured 3-Fe2O3 lms
is more positive than the potential of the H+/H2 redox couple at
pH ¼ 0.6 Nevertheless, it is worth noting that the estimated CB
edge position represents an average situation for the whole
nanomaterial, which, in the present case, is composed of
columnar structures and sharp tips. Specically, the latter
might show a shi of the CB edge to or above RHE due to their
peculiar nanostructure, favourably contributing to proton
reduction processes leading to H2 evolution, as recently repor-
ted for CoO photocatalysts.23 Consistently, elegant and recent ab
initio calculations on Fe2O3 indicate the suitability of this
materials for water splitting only in nanostructured forms.24 In
fact, whereas the conduction band edge of bulk Fe2O3 is below
the H+/H2 redox potential, nanostructuring iron(III) oxides
results in a progressive shi of its position above the H+/H2

redox potential, enabling thus adsorbed proton reduction.24 In
addition, it must be noted that the present experiments were
carried out in nearly neutral solutions (pH z 7) and at room
temperature, more favourable conditions for proton reduction.6

Regarding composite materials containing metal-based NPs,
Fig. 4 evidences that the introduction of both Ag and Au NPs
results in enhanced H2 yields with respect to bare 3-Fe2O3

deposit. A more detailed data inspection reveals that Ag/3-Fe2O3

nanosystem shows an almost linear increase of H2 concentra-
tion with illumination time (with a steady state H2 production
of 24.0 mmol h�1 m�2, compared to 20.0 mmol h�1 m�2 for the
bare 3-Fe2O3). In a different way, Au/3-Fe2O3 system presents a
two-regime behaviour, characterized by an initial activation
period (z8 h) with activities similar to the other systems, fol-
lowed by an increase leading to a nal steady state production
almost doubled (45.0 mmol h�1 m�2) than the original 3-Fe2O3

system. This behaviour suggests the occurrence of an activation
process that involves the gold particles themselves and/or the
RSC Adv., 2014, 4, 32174–32179 | 32177
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Au/3-Fe2O3 junction. Due to the mild reaction conditions, the
occurrence of signicant structural modications appears
unlikely. Therefore, the initial activation process can be
reasonably related to the establishment of an equilibrium
between adsorbed species in solution, including ethoxy species
or aldehydes derived from partial ethanol photooxidation, and/
or to a partial gold oxidation during the photo-reforming
process. These issues will be the subject of a forthcoming study.

The present trend as a function of the adopted NP nature is
further conrmed by solar-to-fuel efficiency (SFE) values calcu-
lated under simulated solar light, yielding 0.07%, 0.09% and
0.17% for 3-Fe2O3, Ag/3-Fe2O3 and Au/3-Fe2O3, respectively. In
spite of the fact that absolute values are not very high, the
observed trend indicates a clear dependence of the system
activity on the nature of the introduced NPs. In order to eluci-
date the role played by the latter, photocatalytic experiments
were also carried out by using only the Vis portion of the solar
spectrum (cut-off lter at 420 nm). Under these conditions, no
H2 evolution was observed for Ag/3-Fe2O3 and 3-Fe2O3, despite 3-
Fe2O3 can absorb an appreciable fraction of Vis light (EG ¼
2.2 eV),10 suggesting that the catalytic activity of these systems is
essentially associated to the small fraction of UV photons in the
solar spectrum (z4%). We observed a similar behavior also in
the case of supported a-Fe2O3,6 a polymorph for which the
presence of an indirect bang gap in the Vis and a direct band
gap in the UV region is well documented.3 The lower efficiency
in photogeneneration of charge carriers in the case of an indi-
rect bang gap can explain the poor performances under Vis
irradiation, i.e. H2 production below detection limits.

In a different way, Au/3-Fe2O3 shows an appreciable
hydrogen yield (8.0 mmol h�1 m�2, SFE ¼ 0.03%). These results
demonstrate that the functionalization with metal NPs repre-
sents a strategic tool for the exploitation of a larger region of the
solar spectrum.

The present data clearly highlight that both the nature and
chemical state of the NPs affect the nal performances. As a
matter of fact, Au NPs of the present size are expected to be
catalytically inactive, but the main role of Au nanoparticles in
the present materials is not to act as catalyst themselves.
Indeed, the formation of Schottky junctions with an intimate
contact between the metal NPs and metal oxide matrix, such as
in Au/3-Fe2O3 nanosystem, is effective in promoting an efficient
harvesting and management of Vis light, thanks to an improved
separation of photogenerated charge carriers and to their effi-
cient delivery to reactants involved in the photocatalytic
process.13,25,26 In the present case, two different processes can
occur on Au/3-Fe2O3. The rst involves UV photon absorption by
3-Fe2O3, resulting in the formation of electron–hole pairs.
Subsequently, photoelectrons can be efficiently transferred
from 3-Fe2O3 to Au nanoparticles (thanks to the formation of a
Schottky junction), limiting detrimental charge recombination.
Proton reduction can occur onmetal NPs, whereas holes remain
on 3-Fe2O3, promoting ethanol photooxidation to acetaldehyde,
as observed by gas chromatography (GC) analysis (Fig. S4 and
Scheme S1a of the ESI†). In addition to this conventional metal–
semiconductor photocatalysis, the presence of plasmonic gold
nanoparticles, characterized by LSPR phenomena, enhance
32178 | RSC Adv., 2014, 4, 32174–32179
visible light absorption and further contribute to the observed
activity by electron transfer from the metal to the semi-
conductor (Scheme S1b of the ESI†).13,26 It is worthwhile
noticing that the occurrence of such phenomena is strongly
related to the nanometric dimensions of gold aggregates, that
guarantee efficient LSPR in the visible range, and to the metallic
state of NPs.

At variance with the Au case, Ag shows a lower efficiency in
promoting H2 production under simulated solar irradiation,
and no appreciable activity under Vis light, a behaviour that is
traced back to its different oxidation state. In fact, in the case of
Ag/3-Fe2O3 nanocomposite, the partial Ag surface oxidation to
Ag2O proved by XPS studies prevents the formation of a metal-
iron(III) oxide Schottky junction and precludes contribution
from LSPR, resulting in lower performances with respect to Au/
3-Fe2O3 case. Under solar simulator irradiation, the presence of
UV and ethanol could contribute to partial Ag2O reduction, as
observed for other supported metals.27 Nevertheless, this
phenomenon should be limited to smaller nanoparticles, a
minor fraction of those present in the investigated materials.
The eventual presence of somemetallic Ag NPs would lead to an
absorption around 420–440 nm, due to their LSPR.28,29 The
proximity to the visible light cut-off would in any case techni-
cally limit this contribution. It is also worth noting that,
whereas Au NPs mostly concentrate on the top of columnar 3-
Fe2O3 arrays taking advantage of an optimal Vis light absorp-
tion, Ag-containing aggregates are evenly distributed
throughout the entire Fe2O3 thickness, resulting thus in a less
efficient light harvesting and, ultimately, in lower
performances.

Conclusions

In summary, the present work has reported on a vapor-phase
approach to M/Fe2O3 nanocomposites (M ¼ Ag, Au) based on
the scarcely investigated 3-Fe2O3 polymorph. Functionalization
with Ag/Au yielded a high dispersion of metal-based NPs into
the oxide matrix, with a spatial distribution and chemical state
dependent on the nature of the metal itself. Notably, the 3-Fe2O3

high surface-to-volume ratio, along with the intimate metal/
oxide contact, resulted in attractive performances in sunlight-
assisted H2 generation from ethanol–water solutions in the
absence of any bias. Considering that one of the main actual
bottlenecks is represented by an efficient harvesting of the
whole solar spectrum for H2 photoproduction, the present work
has demonstrated the potential of introducing metal NPs in
order to solve this issue. The proposed strategy, disclosing
interesting perspectives for the fabrication of efficient metal
oxide photocatalysts functionalized with suitable metal activa-
tors, holds a remarkable potential not only in photoassisted
hydrogen evolution, but also in other photoactivated processes
exploiting the direct use of solar light.
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