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ABSTRACT: p-Type Co030, nanostructured films are
synthesized by a plasma-assisted process and tested in the
photocatalytic production of H, from water/ethanol solu-
tions under both near-UV and solar irradiation. It is
demonstrated that the introduction of fluorine into p-type
Co30, results in a remarkable performance improvement
with respect to the corresponding undoped oxide, high-
lighting F-doped Co30, films as highly promising systems
for hydrogen generation. Notably, the obtained yields were
among the best ever reported for similar semiconductor-
based photocatalytic processes.

hotocatalytic production of H, from water-containing solu-
Ptions is a fascinating scientific and technological challenge
to store radiant energy in molecular hydrogen.' " In this field,
a great deal of effort has been devoted to the design and
development of n-type semiconducting photocatalysts, such as
TiO, and ZnO, and their chemical modification aimed at
obtaining improved functional properties.”>*"® In particular,
anion doping of the oxide phase has attracted considerable
interest for the possibility of achieving optimal solar light ab-
sorption and enhanced surface reactivity, along with efficient
exploitation of photogenerated electron/hole (e /h*) pairs.”” "
Nevertheless, although anion doping has been widely studied for
n-type semiconductors (SCs), its potential has been scarcely
investigated for photocatalytic processes over p-type materials
and never reported for photoassisted H, production. To this aim,
although autothermal reforming of alcohols and aqueous phase
reforming are considered promising mid-term solutions due to
their high efﬁciency,16 light-activated catalytic processes have
recently emerged as more sustainable long-term alternatives for
energy production.”****

In contrast to n-type SCs, in p-type systems cation vacancies
and/or anion interstitials are considered the main kind of in-
trinsic defects. As a consequence, a different surface reactivity can
be foreseen upon reactant adsorption on the catalyst surface.'””*
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Furthermore, the presence of sub-surface defects in p-type SCs,
acting either as recombination centers or as beneficial promoters
of redox processes, might also affect the fate of photogenerated
electrons and holes.>'"'” To this aim, extrinsic anion doping of
SCs represents a valuable way to obtain improved photocatalytic
performances. In order to make feasible the dream of utilizing
sunlight for sustainable energy production, it is of paramount
importance to develop catalytic systems that are not affected by
leaching or poisoning phenomena and possess a high photonic
efficiency, in particular upon visible activation. Recently we have
reported that Co;O4 a multifunctional spinel-type p-type
SC,"® %% is capable of promoting hydrogen photoproduction
in the presence of methanol as sacrificial agent.** This material,
however, suffered rapid deactivation due to the surface formation
of inactive CoO species and the adsorption of intermediates
arising from methanol partial oxidation. The presence of oxygen
(~9 mg L") resulted in improved photocatalytic performance.

Herein, we report on a versatile one-step synthesis of F-doped
Co30, and on the considerable H, photoproduction enhance-
ment arising from anion doping with respect to the bare oxide
phase. In this case, ethanol was used as sacrificial agent, as it is
more sustainable and renewable than methanol.

Undoped and F-doped Co30, nanostructured films were
synthesized via plasma enhanced chemical vapor deposition
(PE-CVD) from both fluorine-free and fluorinated /3-diketonate
cobalt derivatives [Co(dpm),] and [Co(hfa), TMEDA], respec-
tively (see the Supporting Information (SI)). As evidenced by
electron impact mass spectrometry (EI-MS) data, in the latter
case the elimination of fluorine radicals and the formation of
several F-containing species took place (Figure S2). Since the
ionization conditions used for EI-MS analyses are analogous to
those adopted in PE-CVD processes, it is reasonable to suppose
that a similar fragmentation pathway also occurred during the
plasma-assisted growth of Co304-based systems, thus explaining
the effective fluorine incorporation into the deposited materials.
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Figure 1. (a) Plane-view FE-SEM, (b) cross-sectional TEM, and (c)
HRTEM images of undoped (left) and F-doped (right) Co30, samples.
FT patterns of the HRTEM images are given as insets in (o).

This hypothesis was confirmed by X-ray photoelectron spectrosco-
py (XPS), evidencing a homogeneous in-depth fluorine distribution
for samples synthesized from [Co(hfa), TMEDA] (see below).

Figure la displays plane-view field emission scanning electron
microscopy (FE-SEM) images of an undoped Co3;0O, sample
(left) and the corresponding F-doped specimen (right) synthe-
sized under the same growth conditions. In both cases, the
surface texture was dominated by pyramidal-like aggregates with
a mean lateral size of 30 nm that, according to transmission ele-
ctron microscopy (TEM) cross-sectional analyses (Figure 1b),
represented the tip of columnar structures grown perpendicular
to the Si(100) substrate (deposit thickness = 80—90 nm).
Irrespective of the precursor used and the processing conditions
adopted, electron diffraction (ED) patterns (not reported) were
always characterized by the sole reflections expected for spinel-
type Co30,4. No appreciable ED variation was observed upon
F-doping, a result traced back to the similar radii of fluorine and
oxygen and to the substitutional fluorine doping of the spinel
phase."""* High resolution TEM (HRTEM) and Fourier trans-
form (FT) analyses (Figure 1c) showed that the growth direc-
tions of the columnar structures displayed in Figure 1b were
generally the (311) and (100) ones for undoped and doped
Co30,, respectively. Nevertheless, in both cases, {111} surface
planes, the most stable for face-centered cubic systems such as
Co30,, were preferentially exposed.**! This feature, in line with
the pyramidal-like morphology of undoped and F-doped Co30,
(Figure 1a), highlights that their diverse photocatalytic activities
(see below) cannot be related to exposure of facets with different
Miller indexes.'”*°

In an attempt to clarify this issue, XPS analyses were per-
formed, providing valuable compositional information. In line
with our previous work, 2127 the shape and position of surface
Co2p and CoLMM photopeaks (data not shown) clearly in-
dicated the formation of Co;Oy4-based systems, irrespective of
the precursor used. Nevertheless, whereas for samples synthe-
sized from [Co(dpm),] in-depth analyses evidenced a parallel
distribution of the sole Co and O signals (Figure 2a, left), the
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Figure 2. (a) XPS depth profiles and (b) Tauc plots of undoped (left)
and F-doped (right) Co30, specimens.

use of [Co(hfa),TMEDA] also resulted in a constant fluorine
content (~3 atom%) from the surface to the interface with
the substrate (Figure 2a, right). As better described in the SI (see
Figure S3), such a result indicated homogeneous fluorine incor-
poration in the oxide lattice and the obtainment of F-doped
Co030, nanodeposits. XPS investigation also highlighted the
sudden disappearance of the carbon signal upon erosion, de-
monstrating clean precursor decomposition under the adopted
PE-CVD conditions and the high purity of the obtained systems.
In order to elucidate the impact of fluorine doping on the
material's optical properties, UV—vis absorption measurements
were performed. Band-gap estimation from the Tauc plots of
Figure 2b yielded values of 1.4—1.5 (Ey;) and 2.0—2.1 eV (Ey,)
for both undoped and doped systems, indicating a negligible
influence of fluorine doping.”> The optical absorption in the
visible range demonstrated that Co30,-based materials are pro-
mising SCs for the photocatalytic utilization of solar energy.”**
Interestingly, a comparison of the Tauc plots reported in
Figure 2b clearly revealed a 2-fold increase of the absorption
coefficient for F-doped Co30,, an important goal for efficient
light harvesting and subsequent exploitation of e /h* pairs.”***
In fact, since the diffusion length of charge carriers in SC oxides is
small (typically a few nanometers), it is important that photons
are largely absorbed in the near-surface layers, so that photo-
generated e~ and h” species can effectively reach the catalyst
surface and participate in the target chemical processes.
Photoassisted H, generation was carried out under both near-
UV (125 W Hg lamp with a photon flux of 29 mW cm™ > at
360 nm, 100 mW cm ™ in the 400—1050 nm interval) and sim-
ulated sunlight irradiation (150 W Xe lamp, 180 mW cm ™), using
1:1 water/ethanol solutions (see SI). No appreciable evolution of
gaseous products was observed when illumination and photoca-
talyst (geometrical area = 3 cm”) were not simultaneously present.
Furthermore, only a weak and transient reactivity was revealed
for deaerated water/ethanol solutions, due to the surface forma-
tion of inactive CoQ, as previously reported for bare Co;0,.*
Under near-UV irradiation and in the presence of O,
(Figure 3a), undoped Co3O4 showed an average hydrogen
production of ~3 umol h™" cm ™7 whereas in the presence of
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Figure 3. (a) H, evolution from a water/ethanol solution upon near-
UV irradiation for undoped and fluorine-doped Co30, catalysts.
(b) Evolution of C-containing gaseous products for the F-doped sample
reported in (a).
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Figure 4. Evolution of gases from a water/ethanol solution upon
simulated sunlight irradiation for undoped (a) and fluorine-doped
(b) Co30, catalysts.

fluorine the H, evolution rate was increased 5-fold. For the latter
sample, an estimation of the catalyst amount based on film thickness
and Co30, bulk density led to an activity of 213 000 umol h™' g~
(45000 mol h ™" g_1 for undoped Co30,). Notably, this is one of
the best values ever reported in the literature for SC-based
photocatalytic hydrogen generation, also taking into account that
no cocatalysts (e.g, Rh, Pd, Pt) were used in this work.”

The parallel evolution of CO, and CH3CHO, resulting from
ethanol oxidation, over F-doped Co;0, (Figure 3b) suggested
the occurrence of two concomitant reaction pathways involving
adsorbed ethanol and liquid-phase reactions between
CH;CH,OH and free OH’", respectively.”® The slight decrease
of the H, yield and the net rate reduction for CO, and CH,4 could
be associated mainly with CoO surface formation, attributed, in
turn, to a progressive oxygen depletion in the reaction medium
(see SI). Notably, acetaldehyde evolution was almost constant
(Figure 3b), suggesting thus the establishment of a gas-liquid
equilibrium ensuring a buffering condition. For liquid-phase
products (see Figure SS), an interesting effect observed for
F-doped Co3;0,4 was the photoassisted generation of 2,3-buta-
nediol, a useful precursor for the industrial production of methyl
ethyl ketone and 1,3-butadiene.””?*

Figure 3a also displays the presence of an initial induction
period (duration ~75 min) characterized by a progressive increase
of the hydrogen evolution rate. This phenomenon suggests the
occurrence of light-induced surface activation, followed by the
establishment of an equilibrium between the byproducts adsorbed
on the catalyst surface and in the liquid/gas phase.

The 5-fold increase of the hydrogen yield observed for
the fluorinated catalyst can be explained by the synergistic
combination of various beneficial phenomena. Specifically, it

has been reported that replacement of surface —OH groups by
fluorine can lead to: (i) an increase of free OH" radicals in the
liquid-phase, resulting in faster ethanol oxidation and concomi-
tant enhancement of H* — H, reduction;***° (i) inhibition
of e /h* recombination;*" and (jii) modification of absorption
properties and/or tuning of band position.”** Since the presence
of fluorine does not significantly change band-gap values (see
above), the improved performance of F-doped Co30, could be
mainly traced back to points (i) and (ii) and, in particular, to the
larger availability of OH" radicals. In addition, F-doping could
induce a favorable shift of Co;0, flat-band potentials, render-
ing photogenerated electrons more available for hydrogen
production.”® Finally, the presence of fluorine on the catalyst
surface might enhance the Lewis acidity of cobalt centers, as also
observed for TiO,-based photocatalysts, beneficially affecting the
system ::1ctivity.7’n’13

At variance with the case of UV illumination (Figure 3), use
of the less energetic simulated sunlight (Figure 4) enabled us
to perform photocatalytic experiments for 20 h of irradiation
without significantly altering the water/ethanol molar ratio. In
fact, variation in the concentration of sacrificial agent could affect
hydrogen production.®® Under these more sustainable condi-
tions, a lower, though appreciable, hydrogen evolution was still
observed (Figure 4). Compared to bare Co30,, the fluorinated
specimen showed an almost 2-fold increase in H, production
(corresponding to 6500 umol h™" g~'), along with a slightly
more abundant methane evolution, as a result of acetic acid
degradation or CO, hydrogenation (see also Figure S6). The
relatively high initial CO, evolution is in line with the presence of
carbonate traces on the catalyst surface’' that are progressively
decomposed under the present reaction conditions. Nevertheless,
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after 2 h of irradiation, constant CO, production was observed,
indicating the occurrence of ethanol photoreforming involving
a C—C bond cleavage. Notably, at variance with the case of UV
light, no appreciable decrease of the hydrogen evolution rate was
revealed during simulated sunlight irradiation, even after 20 h of
reaction. Such improved system stability was ascribed to several
possible contributing effects. First, the lower conversion of ethanol
into H, and other C-containing byproducts with respect to the case
of Figure 3 implies lower surface coverage/poisoning by partially
oxidized species. In addition, the lower H, yield minimizes the
reaction between hydrogen and the oxygen present in solution,
thus decreasing the formation of inactive CoO surface species.** As
a final remark, it is relevant to observe that, in contrast to powdered
photocatalysts, supported nanosystems allow the use of minimal
amounts of material and reduce aggregation effects, thus resulting
in an improved time stability.

In conclusion, F-doping of Co;0, films synthesized by PE-CVD
resulted in a significant improvement of H, photoproduction from
suitable aqueous solutions. Specifically, upon near-UV irradiation
of F-doped Co30y, a 5-fold hydrogen yield increase was evidenced
with respect to the corresponding undoped oxide. In the case of
simulated solar light, although a less marked improvement in terms
of H, evolution was observed, the appreciable time stability of the
response makes this material an attractive photocatalyst for the
sustainable generation of hydrogen activated by sunlight. As a
whole, the incorporation of fluorine resulted in highly photoactive
Co30,4 materials, with H, yields per gram of catalyst among the
best ever reported in the literature.

It is also worth noting that the synthetic strategy adopted
herein for the preparation of F-doped Co30,4 can be regarded as a
general and versatile route for tailored anion doping of oxide and
even non-oxide SC nanosystems. Efforts in this direction are
currently underway.
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