Applied Catalysis B: Environmental 224 (2018) 912-918

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb i -
Research Paper
Influence of surface density on the CO, photoreduction activity of a DC )
magnetron sputtered TiO, catalyst e

F. Fresno™"", P. Refiones”, E. Alfonso®, C. Guillén", J.F. Trigo", J. Herrero”, L. Collado?,
V.A. de la Pefia O’Shea™"

2 Photoactivated Processes Unit, IMDEA Energy Institute, Parque Tecnoldgico de Mdstoles, Avda. Ramén de la Sagra, 3, 28935 Moéstoles, Madrid, Spain
® Department of Energy, CIEMAT, Avda. Complutense 40, 28040 Madrid, Spain

ARTICLE INFO ABSTRACT

Advancing in the photocatalyst scale-up is crucial for the development of highly efficient solar fuels production
at industrial scale. Here, we report DC-magnetron sputtering as a suitable technique to produce photocatalytic
Ti02 TiO, coatings for CO, reduction with a view on process scalability. The crystallinity of the obtained TiO,
DC-magnetron sputtering coatings varies with surface density, with amorphous or quasi-amorphous coatings obtained with very low
Reaction mechanism densities, while UV light absorption coefficients show the opposite trend, which has been related to the pro-
Peroxocarbonates . . . . . .
portionally higher abundace of surface defects and grain boundaries associated to the small crystal size and/or
amorphicity of the lightest coatings. The as-prepared samples lead to the reduction of CO, as demonstrated by
13C isotope tracing. An optimum catalyst area density of 1 g/m? (by geometric area) is obtained in terms of CO,
photoreduction production, which is ascribed to a compromise situation between crystallinity and absorption
coefficient. Selectivity to the different reaction products also varies with the coating characteristics, with
amorphous or quasi-amorphous light coatings favouring methanol formation, in contrast with the preferred CO
evolution in heavier, crystalline ones. Raman spectroscopy reveals the formation of peroxo and peroxocarbonate
species on the photocatalyst surface as oxidation products during the CO, reduction, the accummulation of
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CO2 photoreduction

which is proposed to be related to the observed catalyst deactivation.

1. Introduction

The development of CO, valorization strategies has become a cru-
cial goal in order to fulfil the climate pledges that were raised by the
Paris Agreement and ratified in Marrakesh in the last Conference of the
Parties (COP22). The big challenge lies in the high stability of the CO,
molecule, which requires a large amount of energy to be activated.
Therefore, the key for the promotion of CO, transformation technolo-
gies is their integration with renewable energy sources. Photocatalytic
CO, reduction, one of the processes encompassed in the so-called
Artificial Photosynthesis, aims at producing sustainable fuels using
water as reducing agent, and is mainly based on the use of semi-
conductor catalysts under mild operation conditions and using sunlight
as the driving energy source [1-3]. One of the main bottlenecks for the
development of this process resides in the difficulty for establishing
comparison criteria for catalytic activities, reaction conditions and ir-
radiation geometries, which redounds to the current lack of optimized
parameters with a view on process scalability [4,5]. Therefore, in order
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to achieve a successful photofuels production it is necessary to tackle
the challenge in a holistic manner that identifies and solves the barriers
and needs inherent to a large-scale development.

In this sense, it is crucial to advance in the fabrication and scale-up
of photocatalytic materials using techniques that provide uniform and
pure films with high deposition rates and short processing times. In any
case, in order to lead to an efficient scale-up, it would be necessary to
use preparation procedures adequate for large areas. In recent years,
great advances have been realized in procedures, both chemical and
physical, for the large-scale preparation of nanostructured materials,
which can be applied to the scale-up of devices for artificial photo-
synthesis [1-3,6]. In this respect, thin film conformations offer ad-
vantages such as an optimal surface conformation and material quantity
minimization in comparison with powdered materials. These large-area
techniques are especially indicated for CO, photoreduction since they
do not introduce undesired organic compounds on the catalyst surface.
Additionally, the optimization of highly dispersed active sites provided
by these methods may lead to an improvement of the photocatalytic
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activity.

However, in the scale-up of a process, especially in the specific case
of photo-activated processes, an increase of the layer thickness leads to
a threshold value above which little or no dependence is found. This
threshold depends on the nature of the light and the depth, structure
and optical absorption coefficient (a) of the film, which arises from two
main factors: 1) at high depth the light intensity becomes so weak that
no significant number of electron-hole pairs can be produced [7,8]; and
2) the proportion of the charge carriers produced at high depth that
reach the surface before recombination is low due to their limited dif-
fusion length [7]. Therefore, not all thin-film techniques are appro-
priate for a fruitful integration in pilot and demonstration plants, and
currently those based on, e.g., nanolithography, are only adequate for
fundamental studies. However, others like reactive DC magnetron
sputtering (DC-MS), starting from conductive substoichiometric oxides
or pure metal targets, are powerful methods to synthesize oxides over
large areas and at high deposition rates by setting the deposition con-
ditions in the metal-oxide transition region. This would enable these
techniques to be transferred from the laboratory to larger scales. The
DC-MS technique allows the deposition of well adherent, transparent
films with a controllable density at high deposition rate, with good
reproducibility and control over the chemical, structural, morpholo-
gical and textural properties of the final materials [8-11]. From the
manufacturing point of view, it is also interesting that the technique
allows the use of flexible substrates like carbon fibre and polymer foils,
among others. The deposition onto flexible supports facilitates the
transport and manipulation in shape-adaptable devices [12,13] and
enables a low-cost mass production by roll-to-roll based continuous
fabrication processes [14,15]. In addition, it allows the preparation of
tailor-made photocatalytic coatings with improved reactivity due to the
control of the nanostructure from amorphous to even preferentially
facet-oriented [16,17].

The aim of the present study is to assess DC magnetron sputtering as
a suitable method to prepare photocatalytic coatings for CO5 reduction
with a view on process scalability and to study the effect of the coating
conditions on the structure, optoelectronic properties and photoactivity
of the catalyst, in order to propose an optimum situation for the pur-
sued reaction. For that purpose, results obtained using coatings with
different area densities are reported and related to the coating char-
acteristics. Regarding the photocatalyst choice, TiO, still represents the
most appropriate material for photocatalysis [18-20]. In the particular
case of CO, reduction, TiO; is clearly preponderant, being employed in
more than 50% of the works published to date [21]. Therefore, it ap-
pears as the most suitable option for scalability studies.

2. Experimental
2.1. Synthetic procedures

TiO, catalysts were prepared at room temperature by reactive DC
magnetron sputtering of a metallic target (Ti, 99.6% purity). The de-
position processes were performed simultaneously on glass fibre (GF)
wafers with 132.7 cm? geometrical area and on soda-lime glass (SLG)
substrates with 2 x 2 cm? area taken as references for characterization
purposes only (Table 1). The sputtering chamber was first evacuated to
a base pressure of 3.0 X 10™*Pa, and then raised three orders of
magnitude by introducing the working gas (Ar) and the reactive gas
(0,) through separated mass-flow controllers, according to the pro-
portion that was optimized in a previous work for the attainment of
anatase TiO, layers [11]. The sputtering power density was maintained
at 8 W/cm? and the sputtering time was varied to obtain film thick-
nesses ranging from 0.05 to 1.79 pm, as has been verified by profilo-
metric measurements on the SLG substrates. In this way, the mass de-
posited on the GF substrates has been increased from 3 to 100 mg
(geometrical area densities between 0.23 and 7.54 g/m?). The super-
ficial to geometrical area ratio increases from 1.01 for SLG to 1.35 for
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Table 1
Supported TiO, samples prepared by DC-MS. Samples numbered the same were obtained
simultaneously.

GF samples  SLG samples TiO, area TiO, film Equivalent film
density thickness on thickness on GF
(gm™?) SLG (um) (um)

GF1 SLG1 0.23 0.05 0.04

GF2 SLG2 0.53 0.12 0.09

GF3 SLG3 1.06 0.25 0.19

GF4 SLG4 2.11 0.50 0.37

GF5 SLG5 3.17 0.75 0.56

GF6 SLG6 4.22 1.00 0.75

GF7 SLG7 7.54 1.79 1.34

GF, as it has been obtained by profilometry on several bare substrates.
This has been used to estimate the equivalent film thickness on GF in
relation to the thickness value measured on the respective SLG partner,
as it is shown in Table 1.

2.2. Characterization methods

The obtained samples were characterized by X-ray diffraction (XRD)
using Cu K, radiation in a Panalytical EMPYREAN. Diffraction angles
were compared with International Centre for Diffraction Data Powder
Diffraction Files (PDF) for phase identification. Mean crystallite sizes
were calculated by using the Scherrer formula. The surface topography
has been examined with a Park XE-100 atomic force microscope (AFM).

Raman spectra were recorded at room temperature using a JASCO
NRS-5000/7000 series spectrometer with an excitation wavelength of
532 nm. For Raman shift and band width determination, the most in-
tense band of the anatase spectrum was fitted to an asymmetric var-
iation of the pseudo-Voigt profile [22]. Total transmittance T and re-
flectance R of the coatings were measured in the wavelength range
between 250 and 1800 nm in a Perkin-Elmer Lambda 9 spectrometer
equipped with an integrating sphere. Then, the absorptance A(%) was
deduced using A(%) = 100—T(%) — R(%) and the absorption coeffi-
cient a has been calculated as a = (1/t) In{100/(T(%) + R(%)} [23],
taking t as the film thickness on SLG or GF substrates.

2.3. CO, photoreduction procedure

Gas-phase photocatalytic experiments were conducted in a con-
tinuous-flow mode. The TiO,-sputtered GF wafers were introduced in a
stainless steel reactor with an effective volume of 280 mL and provided
with a borosilicate glass window for irradiation. The reaction condi-
tions were set at 2 bar and 50 °C maintaining a CO,:H,O molar ratio of
7.25. In-line gas chromatography analyses (GC Agilent 7890A) were
performed to quantify the reaction products every 22 min. The photo-
catalytic measurements were performed using four UV lamps of 6 W
each (Amax = 365 nm), with a total irradiance of 27.95 Wm ™2 under
400 nm (Fig. S1). Before starting the experiments, the reactor was
firstly outgassed at 50 °C and then purged with Ar (100 mL/min) for 1 h
to remove any residual compounds weakly adsorbed on the catalyst
surface. Then, the reactor was flushed with the CO,—H,0O mixture for
1 h to establish an adsorption-desorption balance at the reaction tem-
perature. Prior to illumination, the reactor was pressurized and kept at
the reaction flow rate. All photocatalytic tests were carried out over an
irradiation period of 18 h.

Isotope tracer experiments were carried out in a 15.6 mL stainless
steel reactor with a borosilicate glass window operated in batch mode.
After outgassing, 1>CO, (Cambridge Isotope Laboratories, Inc., 99.2%
13¢, < 1% 80) and H,0 were introduced in the reactor at 50 °C with a
total pressure of 2 bar. After 30 min irradiation with a 6 W UV lamp
(Amax = 365 nm), the gas was extracted to a quadrupole mass spec-
trometer (Pfeiffer OMNISTAR) for analysis (Fig. S2).
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Fig. 1. XRD patterns obtained for the TiO, coatings on glass fibre wafers. The peak
identification has been made according to the ICDD PDF file 00-021-1272 for anatase.

3. Results and discussion
3.1. Characterization of the photocatalytic coatings

XRD patterns of GF samples (Fig. 1) show clear diffraction peaks for
TiO, area densities above ca. 2 g/m? Below that charge, amorphous
titania or crystalline structures with exceedingly small crystal size or
mass percentage could be present but not observed by XRD. Otherwise,
the characteristic diffraction peaks of the anatase phase are always
detected, without any reflections that could be ascribed to other TiO,
phases, as expected from the used deposition conditions [11]. In SLG
samples (Fig. S3), amorphous behaviour is observed for the thinnest
films, although the limit for the appearance of diffraction peaks is lower
than in GF samples. This suggests that the absence of these peaks in GF
samples with lower titania contents is related either to the detection
limit of the technique or to small crystalline domains, rather than to an
amorphous coating. In order to shed light on this point, Raman spectra
were recorded on GF samples. Fig. 2 reveals that peaks corresponding
to vibrations of the anatase lattice at ca. 146 (Eg; strong), 195 (Eg;
weak), 393 (Bg medium), 512 (A;g + Byg; medium) and 634 (Eg
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Fig. 2. Raman spectra of the TiO, coatings on glass fibre wafers.
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medium) [24], are present in all cases except for the sample with the
lowest titania charge, which looks amorphous to Raman spectroscopy
too [25].

Regarding structural aspects, details of the (101) peak measured for
the various SLG samples (see Fig. S4A) reveal that the position of the
peak changes slowly towards lower diffraction angles as the film
thickness increases. By comparing the interplanar spacing, d, for each
sample with the standard anatase value (ICDD PDF #00-021-1272), do,
it can be pointed out that the TiO, coatings show compressive structural
distortion, (d — dg)/dy < 0, which is about 0.7% for t = 0.25 um and
decreases to 0.1% for t = 1.79 um. A similar observation can be made
regarding the GF samples (Fig. S4B), although the 2% displacement is
not monotonic. About the structural distortion origins, it should be
noted that some tensile strain is expected to act by the grain coales-
cence mechanism that is common to any thin film regardless of the
synthesis technique or the material [26], together with compressive
stress linked to the incorporation of high energy atoms or particles that
depend on the specific deposition conditions [26,27]. The structural
distortion observed experimentally results from the competition be-
tween such independent mechanisms, and the compressive strain pre-
dominates for the thinnest TiO, coatings in the present deposition
conditions. Small variations are found in average crystallite sizes for
both GF and SLG samples (27 = 2, 30 *= 1 nm, respectively) without
a clear trend against TiO, charge. A phonon confinement analysis [28]
of the anatase Raman band at ca. 146 cm™' was carried out by re-
presenting Raman shifts (v) and band widths (I') against the reciprocal
of crystal size (1/S) and fitting the corresponding points to the equa-
tions:

v=vo + ky(1/8)'® (¢

@

The fittings (Fig. S5) reveal that both vary with crystal size as ex-
pected from phonon confinement, indicating that no further defects,
apart from those inherent to the nanostructure, are introduced by the
present preparation method, in good accordance with XRD observa-
tions.

Previous works of TiO, deposited over SLG have shown good ad-
hesion properties and the root mean square roughness shows a corre-
lation with the porosity [11]. Here, in the case of the coatings deposited
on glass fibre, even when a good distribution of the catalyst is apparent
to the naked eye (Fig. 3A: blue-grey colour under UV light is indicative
of reduced TiOs,), a detailed SEM characterization (Fig. 3B-C), together
with AFM images (Fig. S6), reveal that such distribution is not homo-
genous, leading to the formation of TiO, aggregates. Therefore, due to
the porous nature of the support, the film thickness and grain size are
less homogeneous on GF with respect to SLG samples. Nevertheless, this
porosity facilitates the reagents transport and allows an intimate in-
teraction with the photocatalysts.

Fig. S7A shows the absorptance spectra obtained for the various
TiO5 coatings on the GF substrates. For the thickest TiO», samples, the
absorptance falls abruptly below 3.5 eV, but it starts to decrease slowly
at higher energies when the coating thickness is diminished. The ab-
sorption coefficient corresponding to the same samples is represented in
Fig. S7B, where it can be seen that higher a values are achieved with
the lightest TiO, coatings. Such increment in the absorption coefficient
is observed in the overall radiation spectra and thus it should be related
to additional absorption by surface defects and grain boundaries, which
are proportionally more abundant in thinner coatings, as it is illustrated
by the AFM images shown in Fig. S6. Taking into account that UV lamps
(Amax = 365 nm) have been used for the photoreduction experiments,
the absorptance and the absorption coefficient at such wavelength
(named A365 nm and a365 nm) have been represented as a function of
the TiO, area density in Fig. 4. This evidences the fast variation oc-
curring with low TiO, charges, and then a slower evolution with the
thicker coatings. Then, the highest absorption coefficients correspond

I'=T, + ky(1/5)"°
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Fig. 3. (A) Sample GF3 after UV irradiation. SEM microphotograps of the (B) lateral and (C) frontal view.
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Fig. 4. Evolution of the absorptance and the absorption coefficient obtained at 365 nm
radiation wavelength for the TiO, coatings deposited with various thicknesses on GF
substrates.

to the amorphous coating, in the same way as observed for other
sputtered TiO, layers [12,29].

3.2. CO; photoreduction

The performance of TiO,-coated GF samples was evaluated in CO,
photoreduction under UV light using water as electron donor. The main
reaction products are CO and CH30H plus trace amounts of CHy, along
with H, coming from H,0 reduction competing with CO, for conduc-
tion band electrons. No products were found after performing blank
reactions without any catalyst under dark and UV-vis illumination, or
in the presence of catalyst in dark conditions, discarding any CO, or
H,0 conversion due to thermal or photochemical reactions or to
thermal catalysis. Previous studies using powdered anatase TiO, pho-
tocatalysts in the same reaction conditions have also shown high se-
lectivities towards the formation of syngas (CO + H,) [30,31].

Fig. 5(A-C) shows the kinetic profiles of the main products for all
catalysts. The maximum production rates of CO are reached between 3
and 6 h of irradiation depending on the sample. On the other hand, H,
and CH3;OH show a quasi-stable rate in most of the samples. As a
general trend, the evolution of the products is more stable in time with
the smaller catalyst charges, while with high area densities the pro-
duction decreases with time.

The cumulative outcomes of the different reaction products over the
whole studied period, obtained by integration of the kinetic curves, are
gathered in Table 2. In order to compare overall photocatalytic activ-
ities regardless of the product distribution, the value “C-products” is
defined as the molar sum of the CO, reduction products, and represents
the total CO, moles converted into products. An initial comparison of C-
products with the different samples reveals that the photocatalytic
performance of the TiO, coating exhibits a high dependence on the
catalyst area density even if the activities are referred to the catalyst
mass unit. Thus, an optimum value is achieved with the GF3 sample
which contains TiO, surface density of ca. 1 g/m>. Below and above this

value, lower conversions are observed. In addition, the lower and upper
surface density limits, represented by samples GF1 and GF7, give rise to
similar CO, conversions. Counteracting effects seem therefore to ac-
count for the observed order of activities. The structural characteriza-
tion discussed above revealed that the lower TiO, charge limit results in
an amorphous or quasi-amorphous coating, and that crystallinity-re-
lated features are better resolved as the area density, or the films
thickness in SLG samples, increases. On the other hand, Fig. 4C has
revealed that the absorption coefficient decreases in the GF1 — GF7
series. The optimal area density value appears thus as a compromise
situation between these factors. This optimal catalyst coverage has
significant implications in process scale-up [32]. Under the present
conditions, the obtained overall apparent quantum yields vary from
0.002 to 0.03%, which is of the same order than previously reported
results of CO, photoreduction over TiO, [33-36], although the values
reported in the literature vary not only with the type of catalyst, but
also with reactor configuration, reaction conditions and irradiation
sources.

The highest selectivity is observed towards CO production except in
the case of GF1 catalyst (Fig. 5D). This behaviour in the CO, reduction
reaction has been previously observed by these authors and is a usual
outcome when using oxide photocatalysts without a metallic co-catalyst
[30,31,37]. However, the product distribution is highly dependent on
the characteristics of the coatings. With high area densities, selectivities
to different carbon products are similar to those obtained with pow-
dered TiO, catalysts [31], with CO representing more than 90% of the
carbon-containing products, a small proportion of methanol and even
smaller of methane. However, this situation changes with the lightest
TiO, coatings, and in the GF1 sample methanol selectivity reaches 16%
of all products, which represents nearly 30% of the C-containing ones.
As explained above, XRD and Raman studies have depicted that this
sample exhibits an amorphous nature or extremely small crystals. In
this respect, the existence of low-coordinated Ti cations in amorphous
titania has been postulated from theoretical studies as well as from X-
ray absorption and electron paramagnetic resonance results [38-40]. In
line with this, the cation coordination number (N.), estimated for the
present amorphous and crystalline samples obtained on SLG substrates
through the analysis of the reflectance interferences [41-43] (Fig. S8)
by the parametrization of the refractive index by means of the disper-
sion equation given by the Wemple-DiDomenico oscillator model:

(n? — 1) — 1 = [Ey — E?]/E4E, 3

where n is the refractive index (Fig. S8A), E, is the single oscillator
energy, Eq the dispersion energy, and E the photon energy. The dis-
persion energy is attained from the linear fits plotted in Fig. S8B, as it
contains information about density and coordination number in the
films considered as a mixture of amorphous and crystalline phases,

through the relation:
Eda/de = (pa/px)(Nca/ch); (4)

where p is the density, and subscripts a and x refer to amorphous and
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Fig. 5. Temporal evolution of the main reaction products in CO, photoreduction over GF samples: A) CO, B) CH3;0H and C)H,, along 18 h of irradiation. D) Selectivities towards these

products.

Table 2

Cumulative production (umol ge, ") for all catalysts in the CO, + H,O reaction after
18 h of UV irradiation.

Sample H, cO CH;0H CH,4 C-products
GF1 50.0 39.6 16.8 0.7 57.1

GF2 47.2 68.9 8.3 0.5 77.7

GF3 33.9 180.6 4.7 0.2 185.5

GF4 24.0 117.2 4.6 1.0 122.8

GF5 28.4 121.9 4.1 0.2 126.2

GF6 46.0 91.8 3.2 0.1 95.1

GF7 45.1 58.0 1.0 0.2 59.2

crystalline phases, respectively. For the present samples, the N, values
shown in Fig. S8 B have been calculated from the bulk TiO, values
Nex = 6.0, Eqx = 24.96 eV and the packing density of each film p,/
px = P = (ns50 — 1)/1.6, taken the n-value at 550 nm wavelength. In
the case of the SLG1 sample, enough maxima were not obtained for
calculation. Overestimation of N, in thick samples is common to the
method [41]. Therefore, the thickest coatings have not been included in
Fig. S8B. These studies suggest a decrease in Nc for the thinnest cases. It
has been argued that isolated TiO, particles, with a relatively high
proportion of tetrahedrally coordinated Ti centres, favour the formation
of methanol in photocatalytic CO, reduction reactions, both in powders
and in thin films [44,45], which has been related to improved charge
transfer and low concentration of surface OH groups. The change in
selectivity observed here with the lightest coatings may therefore be
related to the amorphicity or small size of the TiO, structures improving
the charge transfer processes and the production of highly electron-
demanding products such as methanol.

Further experiments were performed to assure that the observed
production is due to carbon dioxide and does not arise from carbon-
containing impurities present in the samples. The presence of these
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Fig. 6. Selected ion monitoring in the mass spectrometric analysis after photocatalytic
reduction of '*CO,,

impurities was first ruled out by elemental analysis (Table S1). In line
with this, *3CO, photocatalytic reduction followed by mass spectro-
metric analysis (Fig. 6) shows an increase in the ratio between the ions
with mass 29 (*3*CO™) and 45 (**CO, ™). This ratio is 0.18 when directly
measuring the mass spectrum of the '>CO, cylinder, while it increases
to 0.31 when '3CO, is introduced in the photoreactor and the reactor
content is analyzed after the photocatalytic reduction. This increase is
attributed to the formation of *3CO.

Taking into account that Raman spectroscopy is a surface sensitive
technique, a series of spectra were acquired to determine the surface
changes and adsorbed species before and after reaction (Fig. 7). Raman
experiments in fresh samples show that TiO, surface is covered by
different carbon species adsorbed from its contact with ambient air. The
observed bands are assigned to bidentate carbonate b—CO3?~ at 1045,
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Fig. 7. Raman spectra of TiO, anatase before (down) and after (up) reaction.

1313 (v, C—0) and 1608 (v,s C—0) cm ™! [46,47]; monodentate car-
bonate m—COs>~ at 1284 (vs C—0) and 1576 (v,s C—0) cm ™" [47-49]
and bicarbonate HCO3 ™~ at 1232 (8§ OH), 1445 (vs CO), 1556 (v,s C—0)
and 1648 (v,s C—0) cm ™! [46-48].After reaction, some changes are
observed on the TiO, surface due to an increase of CO32~ and HCO3 ™~
species. Furthermore, carbonate bands show a blue shift of c.a. 9 cm ™!
probably due to structural rearrangements. It is worth highlighting the
appearance of a new Raman band at 989 cm ™' corresponding to the
vo—o Vvibrational mode of peroxocarbonate species (CO,%and C,0¢27)
[50]. In addition, peaks at 924, 869 and 844 cm ™! were assigned by
Nakamura et al. to the vo_o vibrational mode of surface peroxo species
Ti(O), physisorbed H>0, and surface hydroperoxo species TIOOH re-
spectively [51].The formation of peroxo species on TiO, as a pathway
for the oxygen evolution reaction has been previously reported in
photoredox reaction literature [51-54]. In addition, Sayama et al.
proposed a speculative mechanism for oxygen evolution in CO, pho-
toreduction via peroxocarbonate species [55], which may act as hole
scavengers [56,57]. However, to the best of our knowledge, this is the
first time that peroxocarbonates are detected by spectroscopic techni-
ques for this reaction on TiO,. These experiments lead us to conclude
that the generation of both peroxo and peroxocarbonate species arising
from hole capture by CO52~ and HCO5~ species could prevent H,O
from being further oxidized into free O,. The accumulation of these
peroxidized species on TiO, surface could also cause its deactivation.

4. Conclusions

DC magnetron sputtering has demonstrated to be a highly applic-
able technique for the deposition of TiO, coatings for CO, photo-
catalytic reduction. Structural and optoelectronic characterization re-
veals that decreasing catalyst area density leads to crystalline coatings
down to a limit below which the deposited material appears to be
amorphous, which also influences the light absorption properties of the
catalytic system. Performance tests in gas-phase photocatalytic CO5
reduction reveals an optimum area density of 1 g/m? in terms of CO,
conversion, which is ascribed to compromise situation between crys-
tallinity and absorption coefficient. In turn, selectivities towards the
different reaction products is also highly influenced by the TiO,
loading, with amorphous or quasi-amorphous coatings favouring me-
thanol formation in contrast with the preferred CO evolution in the rest
of cases. Therefore, this technique opens up the possibility of not only
optimizing catalyst usage towards an industrial implementation in
terms of overall CO, reduction outcome, but also tuning the selectivity
of the process at the expense of conversion. Raman spectroscopy reveals
the formation of peroxo and peroxocarbonate species on the surface of
the photocatalyst during the CO, reduction reaction, which could

Applied Catalysis B: Environmental 224 (2018) 912-918

prevent H,0, CO5?~ and HCO5~ from being further oxidized into free
O,. The accumulation of these species on TiO, surface could also cause
its deactivation.
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