Journal of Environmental Chemical Engineering 10 (2022) 107441

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

ELSEVIER

Check for

Efficient photoelectrochemical conversion of COs to ethylene and methanol &
using a Cu cathode and TiO, nanoparticles synthesized in supercritical
medium as photoanode

a ",

Ivan Merino-Garcia™ ', Sergio Castro™', Angel Irabien® Ignacio Hernandez”,
Veronica Rodriguez ©, Rafael Camarillo ¢, Jesusa Rincon ©, Jonathan Albo ™

@ Departamento de Ingenierias Quimica y Biomolecular, Universidad de Cantabria, Avda. Los Castros, s/n, 39005 Santander, Spain

b Departamento CITIMAC, Universidad de Cantabria, Avda. Los Castros, s/n, 39005 Santander, Spain

¢ Department of Chemical Engineering, Faculty of Environmental Sciences and Biochemistry, Universidad de Castilla-La Mancha, Avda. Carlos III, s/n, 45071 Toledo,
Spain

ARTICLE INFO ABSTRACT

Editor: Vitor J.P. Vilar The photoelectrochemical conversion of CO into valuable products represents an attractive method to decrease
the external electrical bias required in electrochemical approaches. In this work, TiO, nanoparticles with
enhanced optical properties, large surface area, appropriate morphology, and superior crystallinity are synthe-
sized in supercritical medium to manufacture light-responsive photoanodes. The photoelectrochemical CO5
reduction tests are carried out in continuous mode using a photoanode-driven filter-press cell illuminated with
UV LED lights (100 mW cm2), consisting on TiO, nanoparticles synthesized in supercritical medium (3 mg cm2)
supported onto porous carbon paper as the photoanode, a Cu plate cathode, and 1 M KOH aqueous solution as the
reaction medium. The main products obtained from CO; are ethylene in the gas phase, together with methanol in
the liquid phase. The results show that reaction performance is improved under UV irradiation towards ethylene
(r = 147.4 pmol m 2 s™!; FE = 46.6%) and methanol (r = 4.72 pmol m 257!, FE = 15.3%) in comparison with
the system performance in the dark (ethylene: r = 24.2 pmol m~2 s7! and FE = 38.2%; methanol not detected),
which can be mainly ascribed to the superior photocurrent densities reached that affect the selectivity of the
reaction. Besides, the maximum solar-to-fuels values achieved for ethylene (5.4%) and methanol (1.9%) are
markedly superior to those observed with illuminated TiO2-P25 photoanodes under the same reactor configu-
ration and experimental conditions (3.7% and 1%, respectively). Therefore, these results demonstrate the ben-
efits of using TiOy-based materials synthesized in supercritical medium for a more efficient continuous
photoelectroreduction of CO, to value-added products.
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(PEC) [11-13], and photochemical processes [14,15]. In particular, the
transformation of CO, via PEC provides greener CO» utilization routes

1. Introduction

The intensification of human industrial activities is causing an un-
balanced COy produced and consumed on Earth [1,2]. Among the
available sustainable possibilities to accelerate an energy transition
away from fossil fuels, the chemical conversion of CO, and water into
valuable products represents a promising direction to equilibrate the
system and close the carbon cycle [3-5]. Several approaches can be
considered to meet the target, namely mineralization [6], enzymatic [7],
thermochemical [8], electrochemical [9,10], photoelectrochemical
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towards the generation of fuels and chemicals under light irradiation,
integrating the benefits of both electrocatalytic and photocatalytic
conversion approaches, and promoting the separation efficiency of
photogenerated electron-hole pairs [12,16-19]. Besides, the production
of ethylene (CaHy4) from CO» utilization is interesting, since this hy-
drocarbon represents an energy-dense chemical feedstock used in
several applications as energy vector and chemical building blocks [20,
21]. The production of alcohols such as methanol (CH30H) is also of
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utmost importance, owing to its key role in several applications, namely
as a chemical storage carrier for hydrogen or as a platform product in
gasoline and biodiesel [22-24].

Depending on the nature of the (photo)electrodes used in two-
compartment PEC cells, four different photoreactor configurations can
be applied: i) photoanode/dark cathode [25-27], ii) dark anode/pho-
tocathode [28], iii) photoanode/photocathode [29,30], and iv) hybrid
PEC-solar cell tandem [31]. The first PEC configuration is simpler and
usually preferred to improve the energy efficiency of the process since
the photoanode provides extra photogenerated electrons from water
oxidation to the cathode compartment for CO5 reduction, decreasing the
requirements of external electrical energy [31]. Thus,
photoanode-driven PEC processes can lead to decreased cell bias, which
makes this strategy the most suitable option from energy efficiency and
practical application viewpoints [32-34].

Although a wide variety of photoactive materials can be seen in PEC
systems as photoanodes, such as WOs3, BiVO4, Fe303, or ZnO [31,35-40],
among others, TiO»-P25 has been the most investigated light-responsive
material in photoanode-driven PEC systems, owing to its low cost,
non-toxic characteristics, photo-stability, wide bandgap (> 3.0 eV),
chemical inertness, large resistance to photo-corrosion, and UV light
absorption properties [36,41,42]. Nevertheless, TiO-P25 presents
several limitations [31,43], mainly: i) fast recombination of
electron-hole pairs and ii) low purity and crystallinity. In this respect,
different morphologies (e.g., nanotubes, nanospheres) of TiO5 have been
recently investigated to improve electron mobility, chemical stability,
and surface area, among others [18,44]. Moreover, the modification of
these structures (i.e., titania nanotubes) with noble metal particles such
as Au and Ag has also been proposed to decrease the photogenerated
carrier recombination efficiency of TiO5 [18,45], which should allow for
achieving a higher photoelectrochemical conversion performance. On
the other hand, alternative synthesis methods have been proposed to
overcome the main shortcomings of benchmark TiOg [46,47]. Among
them, the preparation of TiO; in supercritical medium led to improved
photocatalytic properties compared to those prepared under conven-
tional procedures [47-50]. Specifically, several properties such as sur-
face area, light absorption, optical bandgap energy, presence of surface
hydroxyl groups, and appropriate morphology (for enhanced charge
separation) are improved in comparison with commercial TiO2-P25
[43].

Previous studies in our group reported the preparation, character-
ization, and use of commercial TiO»-P25 nanoparticulated electrodes as
light-responsive photoanodes in a continuous photoanode-driven PEC
process illuminated with UV LED lights. A Cu plate was utilized as a dark
cathode to reduce COz in a filter-press PEC cell divided by a Nafion® 117
membrane [25]. The energy requirements to carry out the COy con-
version process decreased compared to an electrochemical system (en-
ergy efficiency of 5.2% and 1.4% for PEC and electrochemical system,
respectively) However, further efforts are still required to improve the
overall process performance. This work, therefore, focuses on the
preparation, characterization, and evaluation of TiO, nanoparticles
synthesized in supercritical medium (SC-TiO3) for the continuous pho-
toelectrochemical conversion of CO, in an illuminated
photoanode-driven filter-press reactor. The performance of the novel
light-responsive materials is analyzed in terms of production rate (r),
Faradaic efficiency (FE), energy efficiency (EE), and solar-to-fuel (STF)
efficiency. The results are compared with the behavior of TiO2-P25
surfaces in the same reactor configuration to demonstrate the potential
applicability of supercritical fluid-based methods for the synthesis of
photoactive materials with improved properties. The novelty of the
present work lays on: i) CO, supplied as gas in the cathode (together
with a liquid catholyte), measuring gas-phase chemicals (e.g., CoH4) and
thus closing all products produced; ii) TiOy nanoparticles are synthe-
sized in supercritical medium to improve the properties of benchmark
TiO2-P25, namely BET surface area, light absorption, optical bandgap,
or crystallinity; and iii) the use of a membrane electrode assembly
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(MEA) configuration by coupling the membrane to the photoanode
surface, acting as a separator of the PEC cell compartments, for an
improved mass/ion/electron transport in the PEC system, thus
decreasing the internal cell resistance.

All in all, this work represents a step forward in the development of
photoanode-driven PEC systems for a more efficient transformation of
CO4, in continuous mode.

2. Materials and methods
2.1. Synthesis and characterization of SC-TiOz nanoparticles

The synthesis of TiOy nanoparticles in supercritical CO, was per-
formed in an ad hoc designed experimental set-up, which has been
described in detail elsewhere [43]. In brief, a thermostatic bath, a
high-pressure pump, and a high-pressure synthesis reactor represent the
main core of the setup. The powder was obtained by thermal hydrolysis
of titanium isopropoxide (TTIP; precursor) with ethanol using super-
critical CO; as the reaction medium. The synthesis conditions were 20
MPa pressure, 300 °C temperature, 28 mmol precursor/mmol alcohol
molar ratio, and reaction time of 2 h. After the synthesis procedure,
solids obtained were removed from the reactor and dried at 105 °C for
12 h. The solids were then calcinated at 400 °C for 6 h to remove C
pollution and to increase TiO crystallinity. The prepared photoactive
materials were comprehensively characterized by several techniques in
a previous work [43], namely scanning electron microscopy (SEM),
X-ray diffraction (XRD), BET analyses, and Fourier transform infrared
(FTIR) spectroscopy. A Cary 6000i Spectrometer equipped with an
integrating sphere for powder samples was used for diffuse reflectance
spectroscopy (DRS) measurements in the UV-Vis-NIR range, and an
Edinburgh Instruments FLSP 920 double grating fluorometer equipped
with a Xe lamp and Hamamatsu R928 photomultiplier tube, allowed
complementing the characterization with photoluminescence (PL) ana-
lyses (emission and excitation) to study the optical properties of both
SC-TiO; and TiO2-P25 (dry powder).

2.2. Photoanode preparation and characterization

The light-responsive SC-TiO5 photoanodes are manufactured by an
air-brushing method [21,25]. In brief, SC-TiOo-based catalytic inks are
homogenously deposited over the surface of porous Toray carbon paper
(TGP-H-60). The catalytic ink is composed of a mixture of the synthe-
sized SC-TiO2 photocatalyst, a Nafion® solution (Alfa Aesar, 5 wt%,
copolymer polytetrafluoroethylene) as a binder, and isopropanol (Sigma
Aldrich, 99.5%) as a vehicle, with a 70:30 SC-TiO,/Nafion mass ratio
and a 3 wt% of total solids (photocatalyst + Nafion) in the isopropanol
dispersion. The obtained dispersion is sonicated for at least 30 min to
obtain a homogeneous slurry that is subsequently airbrushed on the
surface of the carbon paper support. The airbrushing process is carried
out at 100 °C to ensure the complete evaporation of the solvent. The
photoactive surfaces are prepared by simple accumulation of layers,
reaching a final photocatalytic loading of 3 mgcm™ (experimentally
determined by continuous weighing), which is selected based on pre-
vious findings [25]. A Nafion® 117 membrane, previously activated in
HCI solution for 30 min and rinsed with deionized water, is finally
coupled with the prepared photoanode to obtain a photoactive MEA.

The PEC properties of the photoanodes are firstly characterized by
linear sweep voltammetry (LSV) with and without LED light illumina-
tion when COs is continuously fed into the reactor. Moreover, the pre-
pared light-responsive surfaces are characterized by XRD (Phillips
X’Pert MDP X-ray powder diffractometer) before and after 150 min of
continuous operation under light irradiation in the photoanode-driven
PEC reactor to determine the composition and crystallinity of the
photocatalysts.
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2.3. PEC cell description and experimental conditions

The light-responsive photoanodes (10 cm?) are tested at ambient
conditions in a commercial filter-press cell reactor (Electrocell A/S), that
is adapted to be illuminated with cold UV LED lights (365 nm; 100
mW cm™) in the anodic compartment, as displayed in Fig. 1. The light
intensity is measured by a radiometer (Photoradiometer Delta OMH)
and controlled by adjusting the LED intensity and the distance between
the microreactor and the LED. The photoanode/dark cathode configu-
ration consists of an illuminated SC-TiOy/carbon paper as the photo-
anode, a Cu plate as the dark cathode, and a thin leak-free Ag/AgCl (1
mm) as the reference electrode. The Cu plate is cleaned before each
experiment with a HCI solution (37%) to ensure a Cu(0)-based surface
[51].

The cell compartments are separated by the MEA (SC-TiO5 photo-
anode + Nafion® 117 membrane). Both catholyte and anolyte aqueous
solutions (1 M KOH) are continuously fed to the reactor through two
independent peristaltic pumps at flow rates of 10 mL min’!, whereas a
constant gas CO, feed (180 mL min™) is introduced into the cathodic
compartment of the PEC cell. Finally, a potentiostat (AutoLabPGSTAT
302N) is used to control the applied potential (E) and measure the
generated current density (j). A detailed description of both the exper-
imental setup and the PEC cell configuration can be seen in Fig. 2.

The photoelectrochemical CO, reduction tests are carried out by
duplicate in continuous mode for 50 min, when a pseudo-stable per-
formance is reached. Besides, the behavior of the photoanodes is
investigated during three consecutive runs of 50 min under on/off UV
irradiation.

Gas and liquid samples are measured at the reactor outlet (cathode
side) every 10 min to calculate the concentration of products obtained in
each experiment. A gas chromatograph (GCMSQP2010 Ultra, Shi-
madzu) equipped with a flame ionization detector (GC-FID) is used to
measure the formation of liquid products (i.e., alcohols). The production
of formate in the liquid phase is also analyzed with ion chromatography
(IC, Dionex ICS 1100). Moreover, gaseous samples are taken and
measured using an online gas microchromatograph (3000 Micro GC,
Inficon). The concentration results that are two times lower/higher than
the average value are discarded (experimental error of < 16.1%) to
calculate the following figures of merit:
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i) the formation rate for each product per unit of area and time, r
(pmol m~2 s_l);

ii) the Faradaic efficiency (FE), which indicates the selectivity of the
reaction towards each product, calculated according to Eq. (1):

znF

FE(%) = x100, (€]

where z is the theoretical number of electrons exchanged to form the
target product, n is the number of moles produced, F represents the
Faraday constant (96485 C mol 1), and q is the total charge (C) applied
in the process. The concentration of products is normalized to the
reacting CO; (inlet-outlet) in the system and adjusted to close the bal-
ance of products in the photoelectrochemical system;

iii) the energy efficiency (EE), defined as the total energy used to-
wards the formation of the desired product, calculated according
to Eq. (2):

EE(%) = % \FE, )

where E is the external (experimentally) applied potential and Et rep-
resents the theoretical voltage needed for the formation of each product.
The theoretical potentials for CoH4 and CH30H (V vs. Ag/AgCl at pH 7)
are — 0.539 V and — 0.589 V, respectively [52];

iv) the solar-to-fuel (STF) parameter, which represents the efficiency
of the process to produce valuable products with light. In PEC
approaches, STF takes into account not only the input power from
light irradiation but also the input electrical power (applied
voltage — external bias). STF can be calculated as follows:

Pro+Poy  AdopEsoFE
STF =L L= , 3
P, +P,; P, +P,; 3

where Py, is the output power contained in the chemical fuel (W), P,
the output power in the form of electricity (W), P the input power from
solar irradiation (W), and P,; the external input electrical power (W).
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Fig. 1. Illuminated filter-press PEC reactor (above) and graphical illustration of the internal cell components (below).
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Fig. 2. Experimental system for the continuous PEC conversion of CO; including a schematic representation of the photoanode (MEA)/dark cathode configuration.

Adapted from [25].

Besides, A represents the geometric area (cmz), Jop the operating current
density (A cm'z), Ey, the potential difference (V) between the two half-
reactions (i.e., CO reduction product and O; from water oxidation) and
FE is the Faradaic efficiency.

3. Results and discussion
3.1. Optical properties

The optical properties of the nanoparticles are investigated through
DRS and PL analyses, as displayed in Fig. 3. The results show significant
differences in reflectance between SC-TiO5 and commercial TiO»-P25, as
given in the differential spectrum. In particular, the main differences
occur under 400 nm, where TiO,-P25 starts its absorption front (please
see DRS of TiO2-P25 powder as a reference). Both samples show anal-
ogous PL spectra at energies below the gap (luminescence maximum:
460 nm), with comparable photoluminescence lifetime for such a blue
emission. Nevertheless, their excitation spectroscopy at Apmax = 460 nm
is dissimilar. Interestingly, SC-TIO, emits for excitation below the P25
gap, peaking at an excitation wavelength around 400 nm (Fig. 3, inset).
This implies the existence of low energy states at these energies and a
large effective redshift of the gap, of nearly 0.5 eV, in agreement with
the absorption spectrum. The comparable luminescence suggests that
the emitting traps are similar in nature, and can also be populated upon

UV excitation. At 365 nm, SC-TiO3 shows a factor 1.5 higher extinction.
In short, the larger decreased gap energy and optical lower-lying states
for SC-TiO5 allow the creation of excitations at much lower energies.
This may contribute to reduce the external bias of the process (and thus
the overall energy efficiency) in the presence of light, in contrast with
the behavior of commercial TiO2-P25 photocatalysts.

3.2. PEC characterization

The current densities reached in the filter-press PEC cell as a function
of the applied potential (from —1.2 to —2 V vs. Ag/AgCl) and UV light
illumination when CO; is continuously bubbled into the reactor are
displayed in Fig. 4a. As expected, the differences in current density
between dark and illuminated conditions become more relevant as the
applied voltage increases, owing to a stronger band bending effect that
leads to a more efficient charge separation upon light absorption [53,
54]. The current density gap observed represents the highest attainable
photocurrent in the PEC system, with a maximum gap of 8.5 mA cm™2 at
— 2V vs Ag/AgCl (jyy = 21.6 mA em'?; jggk = 13.1 mA cm). This
result represents a two-fold improvement in comparison with commer-
cial TiO,-P25 photoanodes (current increase: 4.3 mA cm [25]) at the
same potential level. The current density achieved is comparable (and
usually higher) with those results reported so far in TiOs-based
photoanode-driven PEC systems for CO2 conversion. For example,
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Fig. 3. Differential reflectance spectrum taken for SC-TiO, with TiO»-P25 as
the reference signal (DRS for TiO,-P25 as a blue dotted line). Inset: PL excita-
tion spectra for SC-TiO, (red) and TiO,-P25 (blue) dry powder. The photoex-
citation spectra are taken at 460 nm emission. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

Journal of Environmental Chemical Engineering 10 (2022) 107441

Yamamoto et al. reported a current density of 2.4 mA cm™ using TiOs
nanotube photoanodes (6 cmz) and a metal dark cathode (Pb or Ag) in a
divided H-type PEC cell with a methanol-based electrolyte [55]. Simi-
larly, Cheng et al. reported an increased current density (14 mA cm™)
using the same PEC reactor setup with a TiO, nanotube photoanode and
a Cu foam combined with Pt-modified graphene oxide (Pt-RGO) cath-
ode, with a photoanode/cathode area ratio of 6/1 [38]. More recently, a
TiO5 photoanode and a gas diffusion electrode (GDE) cathode configu-
ration led to a photocurrent density of 1.27 mA cm? with a low cell
voltage bias of 0.8 V [32], whereas higher current densities (9 mA cm?)
have been reported using TiO, nanotube arrays (7 em? in a
photoanode-driven PEC cell [56]. The values from this work
(21.6 mA cm with a photocurrent gap of 8.5 mA cm™ at —2 V, and
12.31 mA em? with a gap of 4.81 mAcm? at —1.8V) may thus
demonstrate the potential of the SC-TiO5 photoanodes developed.

Besides, the current density evolution over SC-TiOy and TiO3-P25
photoanodes at constant voltage (—1.8 V vs. Ag/AgCl) is shown in
Fig. 4b. It should be noted that a potential of — 2 V vs. Ag/AgCl (or more
negative) is not considered since it may be undesirable for the produc-
tion of hydrocarbons [57] and alcohols [58] from CO2 conversion (due
mainly to enhanced H; generation), but it might also lead to increased
energy consumption, which negatively affects the overall efficiency of
the PEC process.

As expected, the illumination of the SC-TiO, light-responsive sur-
faces involves a higher current density (j~12-13 mA cm™2) compared to
the same system under dark conditions (j ~ 7.5 mA cm"z). Besides, the

a)
-25
UV illumination
-20
— Dark
& 45 |
€ 15
o
<
£ -10
Y
.5 i
0 - T T
-1.2 -1.4 -1.6 -1.8 -2
Applied potential (V vs. Ag/AgCl)
b)
-16
14 | SC-TiO, (UV light)
-12
& .10 -
E —— SC-TiO, (dark)
&E B e e A A MMAMAAN A AN~
= 61
4 ] TiO,-P25 (UV light)
-2 1
0

100

200

300 400

Time (s)

Fig. 4. PEC characterization: a) current-voltage responses of SC-TiO, photoanodes with (yellow) and without (black) UV illumination; b) current density evolution at
— 1.8 V vs. Ag/AgCl for SC-TiO, photoanodes with (yellow) and without (black) LED illumination, compared with TiO,-P25 photoanodes under illumination (grey).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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use of TiO-P25 photoanodes leads to significantly decreased current
densities in the presence of light (j ~ 6 mA cm2), which proves the
enhanced properties of TiO, synthesized in supercritical COo, such as
specific morphology and crystallinity, surface area, light absorption, and
optical bandgap energy [43,47]. In particular, the prepared photoactive
materials exhibited large surface area than commercial TiO5-P25 (152
vs. 50 m? g'1), as well as a narrow bandgap energy (0.3 eV lower for
SC-TiO3), higher purity (predominant anatase phase), and specific
morphology (mixture of particle shapes) [43]. Higher photocatalytic
activities are therefore expected for SC-TiO, nanoparticles, with easier
access of reactant molecules to photoactive sites and a better charge
separation and transport.

Then, the stability of the prepared SC-TiO, photoanodes is tested
under UV light for three consecutive on-off runs of 50 min (Fig. 5). The
experiment starts with the UV light on, while the LED lights are turned
off at the end of each run (t = 50, 100, 150 min). The analysis shows
how the production of CH3OH, as an example, decays progressively after
three consecutive runs. Despite this fact, the increase in CH3OH yield at
the beginning of each run may indicate that the activity loss, partially
associated with the blocking of photoactive sites in the photoanode
during water oxidation [59], can be mitigated from one on-off cycle to
another upon light irradiation. Altogether, pseudo-stable values can be
reached at the end of each cycle (4.72, 4.73, and 4.6 umol m2 st
respectively), thus showing a stable PEC conversion of CO2 under UV
light illumination.

To evaluate the composition and crystallinity of the prepared pho-
toactive surfaces, Fig. 6 shows the XRD diffractograms of SC-TiO5 pho-
toanodes before and after use, including the response of P25-TiOy
surfaces for comparison. As expected, the XRD response of TiO2-P25
shows not only peaks related to anatase, but also peaks that can be
ascribed to the presence of rutile, since both anatase and rutile are the
two main physico-chemically distinct polymorphs in P25 (Sigma-
Aldrich, P25). However, the homemade synthesized TiO, nanoparticles
(SC-TiOy) exhibit a nearly pure anatase composition, in accordance with
previous studies [43,49,60,61]. It should be noted that anatase repre-
sents a more photoactive phase than rutile due to surface properties
(better response to adsorbates in electron transfer reactions) and
solid-state features (improved light absorption and charge transfer)
[62], which might lead to an enhanced PEC performance.

Moreover, the diffractograms also reveal that SC-TiO displays
higher crystallinity than P25-TiOy if we compare the peak height
(especially at 25-26°) and resolution of both diffractograms. The results,
therefore, show that the calcination process (after synthesis of SC-TiO3)
has been successfully carried out, which should involve more favorable
conditions for charge separation [43]. It can be finally noticed that the
responses of fresh and used surfaces are very similar, which can be
linked to the stability of the system for continuous light-driven PEC

5.5 -45
] 1 2 3
= AN I -40
a 54 % K N
£ N PP N N L -35
;o - - .. -~
£ 451 L 30 3
2 | >
b} 2]
T 44 r25 3
= )
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Fig. 5. Time course for the light-driven PEC production of CH30H (yellow) and
current density (grey) using SC-TiO, photoanodes in three consecutive runs
(~1.8 V vs. Ag/AgCl).
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operation.
3.3. Product distribution and process efficiency in PEC cell

The effect of UV light irradiation on the continuous performance of
the PEC cell including the SC-TiO, photoanodes is studied at constant
voltage (—1.8 V vs. Ag/AgCl). The products obtained from CO5 con-
version in the outlet stream are CoHy in the gas phase (with traces of CO)
and CH3OH (with small quantities of C;HsOH) in the liquid phase.

The formation rates (r) obtained as a function of light conditions (UV
illumination or dark mode) are presented in Table 1. As can be seen, the
performance of the UV illuminated PEC system is not only improved in
terms of current density (current gap: 5.1 mA cm2) but also reaction
selectivity. Specifically, the increase in current under UV light allows a
six-fold enhanced production of CoH4 (147.4 vs. 24.2 ymol m? s'l) and
allows the formation of CH30H (4.72 pumol m? s, which might be
explained by the specific optical properties of SC-TiO photocatalysts
(light absorption) and their specific morphology and crystallinity for an
enhanced charge separation and transfer in the presence of light [43]. As
a result, a high number of electrons (migrating from the photoanode
towards the cathode) might be available to proceed with the continuous
PEC conversion of CO,. The production of Hy also becomes more rele-
vant at higher current densities.

The production rates presented in Table 1 are also normalized by the
total charge, g (C), to properly evaluate the activity and selectivity of the
process. Interestingly, the production of CoHy is significantly enhanced
in the presence of light regardless of the total charge passed through the
system during 50 min of continuous PEC operation (0.4 ymol m~2 s~!
C1vs0.11 pmol m~2s7! ¢™1), which denotes that the selectivity of the
reaction is altered at higher current densities (UV illumination).

Similar trends can be seen for FE (Fig. 7). The formation of CoHy is
improved and the generation of alcohols (i.e., CH3OH) can be seen. The
change in reaction selectivity towards CoH4 (FE CaH4 from 38.2% to
46.6%) and CH3OH (FE CH30H = 15.3%) under light irradiation high-
lights again the improved CO; conversion in the cathode at higher
current densities, due to the superior photoactivity of SC-TiO, photo-
anodes under the light (improved charge separation and transfer). This
leads to an improved PEC process performance with decreased external
bias, which is essential from a practical application viewpoint. Besides,
the HER is clearly suppressed under UV light irradiation (FE Hy = 38%)
since most of the charge passed seems to be used for the selective for-
mation of CoHy and CH3OH. In the dark, however, Hy represents the
main product at the reactor outlet (FE Hy = 61.5%).

Finally, Table 2 shows STF and EE, which are crucial figures of merit
to evaluate the overall efficiency of the PEC system. The results obtained
in the present study are compared to those achieved using illuminated
Ti0,-P25 surfaces in our previous work [25].

The use of illuminated SC-TiO; surfaces, in comparison with TiO»-
P25 photoanodes, seems to be beneficial for enhanced charge separation
and transfer from the photoanode that leads to an improved generation
of CoHy from CO- conversion at the cathode. The improved character-
istics of the synthesized nanoparticles in supercritical CO» (i.e.,
enhanced morphology and high crystallinity) might lead to more effi-
cient separation of electron-hole pairs (suppressing recombination) [43]
as well as an increased current density that leads to a more selective
formation of C;H4 and CH3OH from COj at the surface of the Cu plate.
The STF results for C,H4 and CH30H are enhanced in comparison with
the behavior of illuminated TiO2-P25 photoactive surfaces (5.4% vs.
3.7% for CoHy4 and 1.9% vs. 1% for CH3OH) under the same conditions,
which once again denotes the enhanced properties of the SC-TiO, pho-
toanodes and the effect of the current density on reaction selectivity
(especially at high current levels). This result agrees with the decreased
gap observed for SC-TiO5 by differential reflectance analysis (Fig. 3),
which allows the creation of excitations at much lower energies. Besides,
as expected, the EE results under UV irradiation are improved with
respect to the behavior of this material in the dark, due to the increased
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Fig. 6. XRD diffractograms of fresh and used photoactive surfaces: a) SC-TiOy; b) TiO,-P25.

Table 1

Production rates (r) for CO, reduction products and H, with and without illumination (—1.8 V vs. Ag/AgCl).

Photoanode j (mA cm?) q Q) r (umol m?2sh r/q (umol m2stch
CoHy C,HsOH CH30H Hy CoHy

SC-TiO, (UV illumination) 12.31 369.3 147.4 0.32 4.72 721.5 0.4

SC-TiO, (dark) 7.18 215.4 24.2 - - 233.1 0.11

photocurrent density generated at — 1.8 V vs. Ag/AgCl (Fig. 4a and 4b).
The lower EE under illumination for CoH4 at SC-TiO; surfaces (14%) in
comparison with the performance of TiO5-P25 (17.8%) and the invari-
able EE for CH3OH (5% vs. 5.2%, respectively) can be linked to an
increased production of Hy in the system with SC-TiO; photoanodes, due
to the higher current density achieved at the cathode.

Fig. 8 shows a schematic representation of the proposed reaction
pathways for the generation of CoH4 and CH30H at the surface of the Cu
cathode [63-68].

If we compare the FEs obtained for C;Hy (as main product) in this
work (FE CoH4 = 46.6%) with other photoanode-driven PEC systems
(Table 3), the results outperform the data reported in 1996 when
employing a TiOy photoanode combined with a Cu-based cathode,
where a FE CoHy = 24% was obtained, although CH4 was the main
product [69]. Other studies also reported the generation of CoHy, as a
minor product, in several PEC systems combining different photoanodes
and Cu cathodes. For instance, Magesh et al. showed in 2014 a
maximum FE CyHy = 4.5% for CoH4 at WO3 photoanodes with a Cu
cathode [70], whereas this product was not detected when substituting
the Cu cathode with Sn/SnOy electrodes, which indicates the key role of

Cu. One year later, the use of a BiVO4/WO3 photoanode with a Cu
cathode led to a FE CoH4 = 17.7% [71]. Besides, CoH4 was a minor
product (FE CoHy = 2.5%) from CO; reduction at a Cu cathode combined
with photoanodes based on AlGaN/GaN heterostructures [72].

Thus, the maximum FE for CoHy reached in this work is markedly
superior to those values reported so far in different photoanode-driven
PEC systems, which highlights the relevance of the present study. It
should also be mentioned that although a lower FE for CoH4 was ach-
ieved in this work in comparison with our previous study at TiO2-P25
photoanodes (FE CoHy = 59.3%), the STF is nevertheless clearly superior
due to an increased current density (two-fold improved) at the same
potential level, thus demonstrating a more efficient PEC CO,-to-CaHy
process.

Overall, this work represents a step forward into developing more
effective PEC systems for COy conversion in continuous mode, which
may be helpful to get closer to real applications.

4. Conclusions

In this work, TiO5 nanoparticles synthesized in supercritical medium
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Fig. 7. FE results with SC-TiO, photoanodes with/without UV illumination
(—1.8 V vs. Ag/AgCl).

Table 2
STF and EE for CO; reduction in the PEC system (—1.8 V vs. Ag/AgCl).
Photoanode jmAcm  STF (%) EE (%) Ref.
2
) CoHy CH30H CHys  CH3OH
SC-TiO, (UV 12.31 5.4 1.9 14 5 This
illumination) work
SC-TiO, (dark) 7.18 - - 11.5 - This
work
TiO,-P25 (UV 5.9 3.7 1 17.8 5.2 [25]
illumination)

(SC-TiOy), with a nearly pure anatase composition and improved crys-
tallinity, are investigated in a photoanode-driven photoelectrochemical
filter-press reactor for a more efficient transformation of CO into value-
added products (i.e., ethylene and methanol) in continuous mode.

The characterization of the photoanodes shows that photocurrent
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density is higher than most of the values reported in similar photo-
electrocatalytic systems and significantly superior (12.31 mA cm™2)
than the system in the dark (7.18 mA cm2). This current level is also
higher than that reached with commercial TiO2-P25 electrodes
(5.9 mA cm™2) under the same conditions. The greater decreased gap for
SC-TiO; observed in differential absorption analyses allows the creation
of excitations at much lower energies, which might be responsible for
enhancing light-driven process performance.

As a result, the production of ethylene from COs is six-fold improved
(147.4 ymol m~2 s71) when using SC-TiO; surfaces as photoanodes in
comparison with the process performance in the dark. The formation of

Table 3
PEC systems reported for CO, conversion to CoHy at Cu-based cathodes in
photoanode/dark cathode configurations.

Photoanode  Cathode  Potential Reaction FE STF Ref.
and light medium (%) (%)
source

SC-TiO, Cu -1.8 Vvs. 1 M KOH 46.6 5.4 This
Ag/AgCl* work
UV LED
(365 nm)

TiO, Cu -1.8 Vvs. 1 M KOH 59.3 3.7 [25]
Ag/AgCl*
UV LED
(365 nm)

TiO, Cu/ZnO  Pulsed 0.1 M 24 - [69]
bias** KHCO3
Sunlight

WO3 Cu 0.65 V vs. 0.5M 4.5 - [70]
RHE*** KHCO3
Hg lamp (>
420 nm)

BiVOy/ Cu 0.4V vs. 0.5M 17.7 - [71]

WO3 RHE*** KHCO3

Hg lamp (>
420 nm)

AlGaN/ Cu -1.47 V vs. 3 MKCl 2.5 - [72]

GaN Ag/AgCl*

Xe lamp
(365 nm)

Notation: * Cathode potential, ** Potential not available, Photoanode

potential.
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Fig. 8. Reaction mechanisms for the formation of CoH4 and CH30H from CO, at Cu cathodes.

Adapted from [63,66,68].
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methanol is also favored under illumination (4.72 pmol m2 s,
Furthermore, the Faradaic efficiencies for both ethylene and methanol
(46.6% and 15.3%, respectively) are enhanced under light irradiation,
outperforming previous photoanode-driven photoelectrochemical sys-
tems reported in the literature. Accordingly, the solar-to-fuel results are
improved in the system with illuminated SC-TiOy photoactive surfaces
(5.4% for ethylene and 1.9% for methanol), in comparison with the
behavior of TiO,-P25 photoanodes (3.7% for ethylene and 1% for
methanol).

To sum up, this work reports the continuous light-driven photo-
electrochemical conversion of COy using SC-TiOzphotoanodes, pro-
moting a more efficient photoelectrochemical transformation of CO to
valuable products.
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