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Supported fluorine-doped a-Fe,O; nanomaterials were synthesized by Plasma Enhanced-Chemical
Vapor Deposition (PE-CVD) at temperatures between 300 and 500 °C, using a fluorinated iron(ll)
diketonate-diamine compound as a single-source precursor for both Fe and F. The system structure,
morphology and composition were thoroughly investigated by various characterization techniques,
highlighting the possibility of controlling the fluorine doping level by varying the sole growth temper-
ature. Photocatalytic H, production from water/ethanol solutions under simulated solar irradiation
evidenced promising gas evolution rates, candidating the present PE-CVD approach as a valuable
strategy to fabricate highly active supported materials.
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1. INTRODUCTION

Photo-assisted hydrogen generation from aqueous solu-
tions is a key scientific and technological challenge to
convert solar radiation into fuels, meeting the actual
demand of clean and renewable energy sources.'” In
this regard, the development of metal oxide photocata-
lysts, especially if supported on suitable substrates, has
attracted a considerable attention for direct on-site tech-
nological utilizations.*” Among the possible active mate-
rials, iron(IIT) oxides display various inherent advantages,
such as abundance, low cost, non-toxicity and rich family
of polymorphs with diverse functional properties.! %! In
particular, a-Fe,O; (hematite, E; ~ 2.2 eV), the most sta-
ble Fe,O; phase, has been the subject of intensive studies
for solar water splitting, thanks to its low band gap, high
activity, facile synthesis and long-term stability.>>~7-10- 1215
Nevertheless, key issues to be addressed for an effi-
cient photo-activated H, evolution from a-Fe,O; concern
the high resistivity, fast recombination of photogenerated
electrons/holes (e~/h*), and very short charge carrier
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diffusion length.!">!> In addition, the hematite indirect
band gap results in a high radiation penetration depth,
responsible for a low e /h* concentration at the mate-
rial surface.’> An attractive strategy to overcome the above
drawbacks is offered by the chemical modification of «a-
Fe,O; with suitable doping agents and by the control of the
system nano-organization.*®8-1415 In this context, anion
doping of oxide phases, in particular by fluorine, offers
several benefits, from an enhanced solar light absorption
up to the passivation of surface defects, increasing the life-
time of photogenerated charge carriers.> %% %17 Moreover,
the electron withdrawing effect exerted by fluorine can
increase the chemical reactivity of metal centers, promot-
ing catalytic processes involved in H, production.? 822
Yet, in spite of these advantageous effects, F-doping of
iron oxide photocatalysts has never been reported in the
literature up to date.

In this paper, we present an original PE-CVD ap-
proach to supported F-doped iron(Ill) oxide (F:a-Fe,O5)
nanomaterials, using a single-source precursor Fe(hfa), -
TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate;
TMEDA = N,N,N’,N’-tetramethylethylenediamine) in
Ar/O, plasmas.®?* Beside the inherent advantages of the
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PE-CVD technique, leading to a unique material nano-
organization,25 the formation of fluorinated radicals in
the used plasmas enabled an in-situ anion doping dur-
ing the growth process.”> As a consequence, F:a-Fe,O;
nanostructures could be deposited without the need of
additional toxic/corrosive fluorinating reactants (such as
CF,, F,, NH,F). PE-CVD of iron oxide was performed
between 300 and 500 °C and followed by a multi-
technique characterization, with particular attention on
the system structure, morphology and composition. The
obtained results highlighted the possibility of growing
F-doped iron(IIl) oxide nanomaterials, with a fluorine
content tunable as a function of the growth temperature.
The synthesized systems were also tested in H, production
by photoreforming? from water/ethanol solutions under
simulated solar irradiation, yielding photocatalytic perfor-
mances dependent on the F:a-Fe,O; synthetic parameters
and fluorine content.

2. EXPERIMENTAL DETAILS
2.1. Synthesis

The Fe(hfa), - TMEDA precursor was synthesized accord-
ing to a recently reported procedure.?*** PE-CVD exper-
iments were performed by a two-electrode custom-built
PE-CVD apparatus?’ powered by a Radio Frequency
(RF, v = 13.56 MHz) generator. Prior to each growth
experiment, Si(100) substrates (1.5 x 1.5 cm?, MEMC,
Merano, Italy) were cleaned by iterative dipping in sul-
fonic detergent, distilled water, acetone, and isopropylic
alcohol. Electronic grade argon and oxygen were used as
plasma sources and introduced into the reactor chamber
after pre-evacuation down to 107® mbar. The precursor,
placed in an external vessel heated at 65 °C by an oil bath,
was transported toward the deposition zone by an Ar flow
(rate = 60 sccm). To prevent undesired condensation phe-
nomena, the gas line temperature was maintained at 140 °C
by means of heating tapes. Additional Ar and O, flows
(rates = 15 and 20 sccm, respectively) were directly intro-
duced into the reactor by two auxiliary gas-lines. For all
depositions the total pressure, deposition time, RF-power
and interelectrode distance were kept constant at 1.0 mbar,
60 min, 10 W and 6 cm, respectively. The deposition tem-
perature was varied between 300 and 500 °C. The obtained
samples were characterized as-grown without any further
ex-situ treatment.

2.2. Characterization

Glancing Incidence X-ray Diffraction (GIXRD) patterns
were collected at a constant incidence angle of 1.0° by a
Bruker D8 Advance diffractometer equipped with a Gobel
mirror, using a CuKa X-ray source powered at 40 kV and
40 mA.

Fourier Transform-Infrared (FT-IR) spectra were col-
lected with a Nexus 870 FT-IR apparatus in the
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range 3504000 cm™!, subtracting the Si(100) substrate
contribution.

Atomic Force Microscopy (AFM) analyses were per-
formed using a NT-MDT SPM Solver PA7H-PRO instru-
ment operating in tapping mode in air. Root-Mean-Square
(RMS) roughness values were obtained from 2 x 2 um?
images after a plane fitting procedure. Micrographs were
collected in different sample regions in order to check the
surface homogeneity.

Field Emission-Scanning Electron Microscopy (FE-
SEM) cross-sectional micrographs were collected at a pri-
mary beam voltage of 10 kV by means of a Zeiss SUPRA
40VP instrument.

A Perkin Elmer ® 5600ci spectrometer with an AlK«
(hv = 1486.6 eV) standard source was used for X-ray
Photoelectron Spectroscopy (XPS) analyses, at a working
pressure lower than 2 x 10~° mbar. The reported Bind-
ing Energies (BEs, uncertainty = £ 0.2 eV) were cor-
rected for charging by assigning to the Cls line of adven-
titious carbon a BE of 284.8 eV.”® The atomic percentages
(at.%) were calculated using standard PHI V5.4A sensi-
tivity factors. Peak fitting was performed by means of
a least-squares procedure, adopting Gaussian-Lorentzian
peak shapes. Art sputtering was carried out at 3.0 kV, with
an argon partial pressure of 5 x 1078 mbar and a current
density of 0.4 mA x cm™2.

Photoreforming experiments for hydrogen production
were carried out on 1:1 H,O/CH;CH,OH mixtures (total
volume = 80 mL) in a stainless steel discontinuous batch
reactor maintained at 25 °C. Electronic grade Ar (rate =
15 mL x min~') was used to collect and transfer gaseous
products to the analysis system. Illumination was per-
formed using a Solar Simulator (LOT-Oriel) equipped with
a Xe lamp (power = 150 W) and a standard AM 1.5G fil-
ter to simulate solar irradiation. The total incident solar
irradiance, measured by radiometers in the UV and Visi-
ble ranges, was 205 mW x cm™2. Photocatalytic tests were
repeated three times on each sample to check data repro-
ducibility. The estimated uncertainty on each value was
estimated to be 5%. For comparison purposes, hydrogen
production rates were normalized with respect to the cat-
alyst amount. The latter was estimated by considering the
Fe,O; bulk density (5.04 g x cm™?) as well as the aver-
age sample thickness (see Table I) and geometrical area
(1.5 x 1.5 cm?, see above).

On-line detection of evolved gases was carried out
by means of an Agilent 7890A Gas Chromatogra-
pher (GC) system, equipped with a 10 way-two loop
injection valve. A 5 A molecular sieve column con-
nected to a Thermal Conductivity Detector (TCD) was
used for H, quantification. Following previous litera-
ture studies, Solar-to-Fuel Efficiency (SFE) values were

calculated as:?30

CDHZ X AH§98 K

SFE = x 100 (1)
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Table I. Deposit thickness (evaluated by FE-SEM analyses) and flu-
orine content for F:a-Fe,O; specimens as a function of the growth
temperature.

Surface at.% F

Growth Deposit

temperature [°C] thickness [nm] Fior F(1)* F(ID)*
300 350 9.2 3.2 6.0
400 250 3.7 1.9 1.8
500 200 24 1.3 1.1

Notes: “Total fluorine amount; ”Lattice fluorine; “Fluorine in CF, groups.

where &y is the H, flow produced by each sam-
ple (expressed in mol x s™' x cm™2), AHY,  is the
combustion enthalpy of H, at 298 K (285.8 k] x mol™!)
and S is the total incident solar irradiance (expressed in
W x cm™). The product & xAHy, , represents the
energy stored in the produced hydrogen.*

3. RESULTS AND DISCUSSION

In this work, three different growth temperatures were
adopted for the preparation of iron oxide systems via
PE-CVD. Relevant material features are summarized in
Table I. As can be observed, a progressive decrease of
the overall deposit thickness occurred upon increasing the
temperature, a phenomenon ascribed to a less efficient pre-
cursor adsorption on the growth surface on going from
300 to 500 °C. The system structure was investigated by
means of GIXRD (Fig. 1). As a whole, patterns were
characterized by the peaks at 249 = 24.1°, 33.1°, 35.6°
attributed to the (012), (104), (110) reflections of the
a-Fe,0, (hematite, hexagonal) phase,*’ while no signals
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Fig. 1. GIXRD patterns of specimens deposited at 300, 400 and 500 °C.
The spectra have been vertically shifted for clarity. Vertical dotted lines
mark the reference peak positions for a-Fe,0,.’!
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Fig. 2. FT-IR spectra of samples deposited at 300, 400 and 500 °C.

of other iron(III) oxide polymorphs were detected. Interest-
ingly, the growth temperature directly affected the system
structure. In fact, a comparison of the recorded intensity
ratios with the ones of the reference powder material.?! evi-
denced a preferential {110) orientation at 300 °C. On the
other hand, at higher growth temperatures, the (104) reflec-
tion was the most intense one, as expected for randomly
oriented polycrystalline hematite.>' As a general observa-
tion, fluorine doping (see below and Table I) did not induce
any appreciable shift in the a-Fe,O; reflections, due to the
very similar ionic radii of F and O.!”-3? The mean crystallite
size calculated by the Scherrer equation was 30 nm.

In line with GIXRD results, FT-IR measurements
(Fig. 2) further confirmed the presence of a-Fe,O;. In fact,
for specimens grown at 400 and 500 °C, two well-defined
absorption bands centred at 440 and 520 cm™! were
observed and ascribed to the E, and A,, hematite vibra-
tional modes, respectively.''3* In a different way, the sam-
ple deposited at 300 °C showed a peak broadening and
slight signal blue-shifts with respect to the other ones.
These effects can be traced back to a decreased structural
order at lower deposition temperatures, which, in turn,
could be related to a higher overall F content (see below
and Table I).3%34

The system morphology was analyzed by AFM (Fig. 3).
The specimen grown at 300 °C presented an homogeneous
distribution of columnar aggregates, while the samples
deposited at higher temperatures showed smaller and more
interconnected particles. The deposit RMS surface rough-
ness ranged from 15.5 (300 °C) to 5.5 nm (500 °C). As a
matter of fact, the system roughness is affected by vari-
ous parameters, among which surface diffusion (enhanced
by high growth temperatures), and plasmochemical etch-
ing phenomena (more effective at low temperatures) are
likely the most important.

The system chemical composition was analyzed in detail
by XPS. Figure 4(a) displays a representative surface
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Fig. 3. 2 x2 wm? AFM micrographs of samples deposited at 300, 400
and 500 °C.

wide-scan spectrum, characterized by the predominance of
Fe and O photopeaks, along with weaker signals due to C
and F species. Carbon concentration was typically 20 at.%.
For all the analyzed specimens, the Fe2p peak position
[Fig. 4(b); BE(Fe2p;,,) = 711.3 eV; spin-orbit splitting =
13.8 eV] and shape (low shake-up satellites) were in good
agreement with literature data for a-Fe,0,.% 12141535 The
Ols surface photoelectron peak (Fig. 4(c)) was decom-
posed by means of two contributing bands at BE =
529.9 eV, attributed to lattice oxygen, and 531.4 eV, related
to hydroxyl/carbonate species arising from air exposure.®
As evidenced by Figure 4(d), the surface F1s signal was fit-
ted by means of two different components, located at 684.7
(I) and 689.5 (II) eV, respectively. Basing on literature data,
component (I) could be attributed to lattice fluorine in the
oxide network, due to the incorporation of F species sub-
stitutional to O sites, ruling out fluorine presence at iron
oxide grain boundaries in an appreciable amounts.!®2!:22
Conversely, the high BE component (IT) could be ascribed
to CF, moieties from precursor residuals.?2!% This com-
ponent was reduced to noise level after 20 min of Ar"
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Fig. 4. XPS spectra for an iron oxide specimen grown at 300 °C:
(a) survey; (b) Fe2p; (c) Ols; (d) Fls, before and after 20 min Ar*
erosion; (e) dependence of lattice F surface content on the growth
temperature.

erosion (Fig. 4(d)). The concomitant disappearance of the
carbon signal upon sputtering demonstrates a clean precur-
sor decomposition under the adopted PE-CVD conditions
and highlights the correlation between the presence of car-
bon species and the fluorine (IT) component.

Table I reports the overall surface F content, along with
the corresponding atomic percentages calculated, by peak
fitting, for (I) and (II) contributions. As can be observed,
the growth temperature had a significant influence on the F
content. In fact, the maximum overall fluorine percentage
was obtained at the lowest growth temperature (300 °C),
as already reported for F-doped silicon and cobalt oxides
synthetized by PE-CVD.3¢:%7 A detailed analysis of the Fls
signal revealed that a growth temperature increase resulted
not only in a diminished overall F amount, but also in
a different relative contribution of (I) and (II) compo-
nents (Table I and Fig. 4(e)). This phenomenon indicates
that, in spite of the advantages of Fe(hfa), - TMEDA as
single-source precursor for F-doped Fe,O;, a main issue to

4965

3710114V HOHV3S3d



RESEARCH ARTICLE

Supported F-Doped a-Fe,O; Nanomaterials: Synthesis, Characterization and Photo-Assisted H, Production

Carraro et al.

60
50 —| Fe
40 —
_ 0
© ]
% 30
< -
20 —|
10 —|
- F
0 [T T T [ TT T T T T [TT T T T [TTTTTTT]
0 40 80 120 160
Depth (nm)

Fig. 5. XPS depth profile for sample obtained at 300 °C.

be properly addressed remains the independent optimiza-
tion of lattice fluorine and CF, species content.

Information on the in-depth system composition was
obtained by Art sputtering (Fig. 5). After the first erosion
cycles, the average O/Fe atomic ratio became almost con-
stant and displayed a value (=~ 0.8) lower than the stoichio-
metric one expected for Fe,0;, due to oxygen preferential
sputtering, as often reported for metal oxides.?® Concern-
ing fluorine, the initial at.% decrease was mainly attributed
to the removal of CF, contamination (see above), whereas
a constant fluorine content (average value ~3 at.%) was
present in the inner system region. Such a result indicated a
homogeneous fluorine incorporation into the oxide lattice,
and supported the successful obtainment of F:a-Fe,0O;.

Photoreforming experiments on water/ethanol solutions
did not yield any appreciable H, evolution when illumi-
nation and photocatalyst were not simultaneously present.
The mechanism for hydrogen evolution by photoreform-
ing of alcohols over metal oxide semiconductors involves
H* release from the sacrificial agent and the formation of
different oxygenated radicals, which are powerful oxidiz-
ing agents. The oxidation of adsorbed alkoxide moieties
results in the formation of protons, that can decrease the
local pH and subsequently be reduced by electron transfer
from the semiconductor conduction band. The result is the
reduction of protons to H, and the concomitant oxidation
of the organic compound through various intermediates,
including aldehydes and carboxylates, eventually accom-
panied by dehydration and water gas shift reactions (see
Scheme 1).3:26

The H, photo-production results under simulated solar
irradiation are displayed in Figure 6 for the different
specimens. Irrespective of the used growth temperature,
all samples presented an initial induction period (&3 h)
characterized by a progressive increase of the hydrogen
evolution rate. This phenomenon suggested the occurrence
of a light-induced surface activation, and the subsequent
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Scheme 1. Possible reaction mechanism involved in the photocatalytic
H, production over F:a-Fe,O; from aqueous ethanol solutions (n.d. = not
detected).

establishment of an equilibrium between the by-products
adsorbed on the catalyst surface and in the liquid/gas
phase.? The use of simulated solar light enabled to per-
form photocatalytic experiments up to 20 h of irradi-
ation with a nearly constant hydrogen evolution. This
issue, highlighting the sample operational stability, dis-
closes attractive perspectives in view of eventual techno-
logical applications.

Remarkably, the maximum hydrogen yield, obtained
for F:a-Fe,O; deposited at 500 °C (corresponding to
5000 umol x h™! x g7!, SFE = 0.02%) was among the
best ever reported for metal oxide systems under similar
experimental conditions, also taking into account that no
cocatalysts (e.g., Rh, Pd, Pt) were used in this work.>8

The above results indicate that the present preparative
strategy is an amenable route for the production of F:a-
Fe,O; photocatalysts joining a remarkable reactivity and
an appreciable operational stability. According to previ-
ous investigation, the observed variations in the system
performances as a function of the growth temperature
are not likely related to different band gap values, since
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Fig. 6. Hydrogen evolution yields from 1:1 water/ethanol solutions
under simulated solar illumination for F:a-Fe,O; specimens deposited at
300, 400 and 500 °C.
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F doping has not been reported to appreciably affect
this parameter. 3% Additionally, significant contributions
from the system surface roughness (a higher roughness
likely corresponding to a higher active area) can be ruled
out, since, as reported above (see also Fig. 3), the obtained
RMS roughness values showed an opposite trend with
respect to that of Figure 6. An inspection of Table I reveals
that the system functional performances could be directly
related to the fluorine percentage, and, in particular, to the
beneficial role exerted by lattice fluorine (component (I) in
Fig. 4(d)). In fact, hydrogen production rate underwent a
progressive enhancement upon increasing the growth tem-
perature from 300 to 500 °C. As can be observed, the sam-
ple synthesized at 300 °C was characterized by a more than
doubled lattice fluorine content with respect to the 500 °C
one but, at the same time, by a nearly six-fold higher
concentration of CF, species. It is reasonable to suppose
that the latter moieties, being present mainly at the system
surface (see the above discussed XPS data), can exert a
poisoning effect on the catalyst, with a consequent activity
degradation and a detrimental decrease of photoproduced
hydrogen yield. This phenomenon could be responsible for
the observed performance improvement at higher growth
temperatures. Nevertheless, it is also worth noticing that
a too high lattice fluorine concentration might negatively
influence the system reactivity promoting recombination
losses of photogenerated e~/h*.!7 Hence, the actual hydro-
gen production rates result from a delicate balance of var-
ious effects, and the identification of the optimal doping
level directly requires the independent control of lattice vs.
contaminating fluorine content, a challenging issue deserv-
ing further investigation.

4. CONCLUSIONS

In conclusion, this work has presented the first example of
F-doped Fe,O; nanosystems synthesized by PE-CVD. The
target materials have been deposited on Si(100) substrates
from Ar-O, plasmas using a Fe(Il) diketonate-diamine
molecular compound as single-source precursor for both
iron and fluorine. Irrespective of the adopted growth tem-
perature (300-500 °C), F:a-Fe, 0, systems free from other
iron oxide polymorphs were obtained. The surface co-
presence of lattice fluorine and contaminating CF, species,
whose overall amount underwent a systematic decrease
at higher growth temperatures, was observed. Interest-
ingly, in-depth compositional analyses revealed that, while
the latter was limited to the sample surface, the for-
mer was homogeneously distributed into the iron oxide
matrix. The F:a-Fe, 05 materials were tested as catalysts in
the photoreforming of water/ethanol solutions under sim-
ulated sunlight irradiation, resulting in hydrogen yields
among the best ever reported in the literature for supported
oxide-based systems. The remarkable H, evolution, along
with the appreciable time stability, highlight the proposed
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strategy as an effective mean to fabricate highly efficient
photocatalysts and evidences the potential of fluorine dop-
ing to obtain improved system performances. As a per-
spective for the development of this work, future efforts
will be devoted to achieve an independent control of lat-
tice versus contaminating fluorine by a proper choice of
the processing conditions.
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