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Abstract

In order to reduce CO2 emissions and utilise CO. as a useful by-product, artificial
photosynthesis is being explored for carbon capture and utilisation. Semiconductor
photocatalysts excited by solar energy may be used to convert CO to fuels or useful chemicals,
e.g. CO, CH4, CH30H. The photocatalytic reduction of CO, to useful products has been widely
studied in order to overcome the greenhouse effect and the current energy necessities.
However, this reaction has proved to be extremely low efficiency when compared to other
processes. In order to improve these yields, photoelectrochemical reduction of CO; has been
considered, since it combines photocatalysis and electrocatalysis. To this end, a two
compartment photoelectrochemical cell (PEC) has been designed and fabricated for the
reduction of CO>. This custom built reactor consists of dual phases, where gas phase CO: is
feed into the cathode comparement and an aqueous phase in the anode compartment. The anode
and cathodes for a sandwich were the anode perforated foil on exposing aligned titania
nanotubes to electrolyte bonded to nafion; which forms a bridge to Pt deposited carbon cloth
cathode electrode in gas phase compartment. CO> reduction products were detected with GC
connected to the reactor. The PEC reactor improved the yield and the formal quantum

efficiency compared to our previous studies using photocatalytic reactors.
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1. Introduction
CO: is the main greenhouse gas present in the atmosphere and thus one of the main contributors

to climate change. To reduce the effect of global warming and match the growing energy

demand it is crucial that researchers find renewable energy resources [1]. To that end, artificial
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photosynthesis has been considered as one of the methods to convert CO; to fuels. The
photocatalytic reduction of CO> has been widely studied. However, the yields observed are still
too low to meet the energy demand [2-5]. Photoelectrochemical reduction of CO; is an
alternative approach to photocatalytic reduction of CO; to convert CO; into fuels since it
incorporates photocatalysis and electrocatalysis. The main advantages of using a
photoelectrochemical cell (PEC) for the reduction of CO; is that the sites for oxidation and
reduction reactions are spatially separated and recombination reactions can be reduced with an
electrochemical bias [6]. In PECs, the two electrodes used are usually submersed in an
electrolyte and one or both the electrodes is photoactive. The semiconductor is typically coated
on an electrically conducting support to form a semiconductor electrode (either photoanode or
photocathode). The anode and cathode may be separated by a proton-conducting membrane
to form a sandwich or face each other and share the same electrolyte. Monolithic electrodes
with anodes and cathode on opposite sides of the same structure should be porous to allow
diffusion of reactants and products, and for ionic conduction within the cell. The reactor can
be made from a UV-vis transparent materials or it may be fitted with a transparent window to
allow irradiation of the photoelectrodes [5-12]. Reactor geometry is an important factor to take
into account when designing a PEC for the reduction of CO,. The most common PEC
geometries are cylindrical, parallel and annular. These conformations will allow a good spatial
relation between the light source and the reactor. The choice of material for the window is
equally important, with quartz being the most commonly used for its excellent UV transmission
[9, 13].

PECs can be divided into three groups, depending on how the semiconductor is used: (1) as a
photocathode (p-type), (2) as a photoanode (n-type), or (3) both photocathode and photoanode.
With single semiconductor photoelectrodes, the counter electrode is normally metallic. When
combining both types of semiconductor, the reactor configuration is photoanode/photocathode,
or Z-scheme, when the band gaps and band edges are suitably aligned [5-12, 14]. The reaction
in PEC’s is usually carried out in gas or liquid phase, and can be performed in batch, semi-
batch or continuous flow [6, 12]. Although widely studied, liquid phase PECs present several
disadvantages. CO2 has a low solubility in aqueous solutions which may limit reactant
availability leading to lower conversion efficiency. To overcome this drawback, higher
pressures that increase the CO> concentration in the liquid chamber or alternative electrolytes
are needed. Furthermore, aqueous or liquid phase systems cannot run at high temperatures. In

a mixed phase PEC, a gas diffusion electrode may be utilised in the cathodic compartment



where CO; entering in the gas phase is reduced at the surface of the electrode. This avoids the
limited solubility of CO», and will also influence the type of product formed [9] Due to the
change in availability of other reactants. Mixed phase PECs are designed with two
compartments a gas phase section, separated by a proton exchange membrane, into a second
compartment with a liquid, typically in the aqueous phase [6, 12].

The first studies ever reported about photoelectrochemical reduction of CO2 were performed
by Halmann in 1978, with a p-type gallium phosphide as a photocathode [15]. Since then,
authors have continued investigating the use of PEC for CO; reduction [9, 16-20]. At Ulster,
Eggins et al. also studied the fixation of CO. with visible light active ZnS and CdS
photocatalysts [21] and first identified oxalate as a CO> reduction product in aqueous phase.
More recent studies using PECs for the photoelectrochemical reduction of CO2, Won et al. used
a ZnTe as a photocathode, a saturated calomel electrode (SCE) as reference electrode, and
carbon rod as cathode in liquid phase (0.1 M KHCOz electrolyte) to achieve a faradaic
efficiency (FE) of 15.6 % for HCOOH, 5.5 % for CO, and 27.6 % for H2 was obtained [22].
Whilst Barton et al's reactor was tuned to produce methanol when using an aqueous phase
photoelectrochemical cell [17].

Aiming to present the novelty of using a PEC operating in gas phase for the
photoelectrocatalytic reduction of CO2, and compare it to the photocatalytic reduction of CO>
published previously, a two chamber reactor was designed. A perforated titania nanotube
(TINT) photoanode was used to reduce the proton mass transport, and Pt deposition on carbon
cloth (Pt-CC) as the cathode, joined with a Nafion membrane by hot pressing, thereby forming
a free standing photoelectrocatalytic disk. Before assembling the disk, both electrode materials
were characterised using a Scanning Electron Microscopy (SEM) and Energy Dispersive X-
Ray Spectroscopy (EDS). The yields of products obtained were presented in terms of formal
quantum efficiency (FQE) to be compared with previous results obtained with the
photocatalytic reduction of CO [3] and in faradaic efficiency (FE) to be compared with the

literature.



2. Materials and methods

2.1. Electrode preparation for photoelectrochemical studies

Ti foil samples (10 x 20 mm) were cleaned by sonication in Decon 90 detergent (5%) followed
by multiple washings and sonication in water. The foils were then washed with ethanol and
dried under an Ar stream. TiO2 (commercial Evonik Aeroxide P25) and hydrothermally
prepared nanotubes (denoted NT) with the method described in [3] were immobilised on Ti
foil samples (10 x 20 mm) by spray coating until the desired weight was obtained (1 mg).
Samples were then annealed at 450°C (Lenton furnace) in air for 2 h (ramp up 2°C min™ and

ramp down 2°C min™?).

The aligned titanium nanotubes (TiNT) where produced via anodization using Ti foil as the
anode following a method reported previously [23] to obtain the aligned nanotubes. The
anodized Ti sheet was rinsed multiple times in distilled water followed by annealing at 450°C

in air for 1 h (ramp up 2°C min*! up and ramp down 1°C min™).

The electrical contacts for all the samples tested (P25, hydrothermally prepared NT, and
anodized TiNT) were made by attaching a Cu wire to an area of the foil which had been cleaned
previously using abrasive paper following a method reported previously [24]. The contact and
any area not coated with TiO2 was insulated with SU8 photoresist (MicroChem) leaving an
active area of 10 x 10 mm?. The SU8 coated samples were exposed to UV irradiation following
the method reported in [24].

2.2. Monolithic Electrode Preparation for PEC Reactor
Ti sheet (50 x 50 mm) was perforated (185 x 1 mm holes). The Ti sheets were then cleaned

and anodized following the methods used for the TINT electrodes as above to produce an
anode. The cathode was prepared by electrodepositon of Pt onto porous carbon cloth (Pt-CC)
following a method reported previously [25]. Two different potential vs. time regimes were
applied: T1 =-0.5V from 0 to 5s, followed by 0 V until T2. T2 varied from 10 to 600 s until
an optimum loading of Pt was obtained. The Pt-CC was then washed with distilled water and
dried under an OFN stream (oxygen free nitrogen stream). The anode and cathode were
bounded together using nafion sheet as an adhesive layer between the titanium and carbon
electrodes. The bonding of the three components was performed by hot pressing for 2 minutes
at 120°C and 10 bar min' (Eurotherm nanodac).



2.4. Materials characterisation
SEM analysis of the anodized TiNT and of the Pt-CC was performed using a Hitachi FESEM

SU5000 operated in the potential range of 10 kV at 5 mm working distance. The images were
recorded using the secondary electron detector. EDS analysis on the SEM, using the Aztec

software, was also performed for the Pt-CC sample.

2.5. Photoelectrochemical studies
The photoelectrochemical studies were conducted on the three described photoelectrodes, in

order to access which material would be more suitable for the PEC. In each study the
photoelectrode was used as the working electrode in a one compartment cell with a quartz
window for irradiation. The counter electrode was a Pt mesh and the reference electrode, a
saturated calomel electrode. The supporting electrolyte was 0.1 M KCIO4 and a potentiostat
(AutoLab) provided electrochemical control. A 450 W Xe lamp, connected to a
monochromator (Uniblitz, VMM-T1), was used as the irradiation source (figure S1). The
potential, and current, were measured using the General Purpose Electrochemical Software
(GPes). Linear sweep voltammetry (LSV) measurements were performed as reported in [24].
The irradiation source was chopped on and off every 10 s for 600 s. Photocurrent was obtained
by calculating the difference between the light and dark current. To determine the onset
potential for anodic current, the current was measured at fixed potentials in the -1.0to +1.0 V
range, at 0.1 V increments. The potential of the working electrode was kept constant. Once the
current reached a steady state (approx. 200 s), the light was then chopped on and off five times
every 20 s. Spectral measurements of the samples were performed at a fixed potential of +1.0
V with monochromatic irradiation. The wavelength of the irradiation was applied from 200 to
500 nm, 10nm FWHM, with an increasing wavelength (by 10 nm) recoreded every 20 s of the

scan. All potentials are reported against SCE.

The Incident photon-to-current conversion efficiency (IPCE) was calculated [14], using the

action spectra of the samples, according to the equation below.

IPCE =

number of electron passed per second
e (eq. 1)

number of incident photons per second

or, IPCE (%) = %(%) x 100 (eq. 2)



Where, h is Plank'’s constant, c is the speed of light, e is the charge of an electron, Jphoto (4) iS
current density at wavelength A, and P(A1) is the power intensity of the monochromatic

illumination [14].

2.6. Photoelectrocatalytic Reactor
The PEC reactor was designed to be assembled from ultra-high vacuum (UHV) stainless steel

parts (Swagelok and Kurt J. Lesker) adapted from a version of the photocatalytic reactor used
in a previous work [3]. The PEC consisted of a two-electrode configuration with two
compartments (liquid and gas phase) separated by a single disk, consisting of an anode and
cathode separated by nafion, with an irradiated area of 9.6 cm? (figure S2).

The disk was composed of an anodized TiNT photoanode and Pt-CC cathode, separated by a
Nafion membrane, preparation discussed previously. KHCO3 (0.5M) was used as the anolyte.
A mixture of CO2:Ar (20:80) was used in the cathode compartment in experimental tests for
CO2 reduction. The reactor was purged for 10 min with the feed gas mixture before sealing at
a pressure of 0.5 bar. The reactor was then irradiated with a Xe lamp (100 W, LOT Oriel)
through a water IR filter (irradiance spectra can be seen in [3]) with an applied bias of -2 V.
The distance between the reactor and the lamp, and the lamp configuration was the same as the
one used in [3] to be able to compare the efficiency of the photocatalytic and the
photoelectrocatalytic reduction of CO..

The gaseous products obtained following irradiation were analysed by gas chromatography
(GC) with a flame ionisation detector (FID) and using Helium (BOC, UN1046, 99.999%
purity) as a carrier gas. The GC (Agilent Technologies, 7890B) was connected directly to the
reactor outlet and samples were analysed after 30 min. The reactor was purged and filled with
a range of gas mixtures to provide conditions for CO> reduction, or absence of CO, for control

runs to confirm CO; the source of products observed by GC.

2.7 Efficiency
Formal quantum efficiency (FQE) was calculated for the photoelectrocatalytic reduction of

CO2 with the PEC reactor according to the method described in [3]. The distance from the light
to the catalyst was kept the same to ensure comparable results. The FQE was calculated using

equation 3.



moles of electrons passed to form products

FQE = .3
¢ moles of photons ( 250 — 410 nm, Einsteins) (eq-3)

The photocurrent in the PEC was measured during the duration of the experiment, and the
faradaic efficiency was calculated using equation 4 as reported in [26].

Electrons transfered to product mnF

= 4
Total electrons transfered It (eq-4)

Where F is Faraday’s constant, m is the number of moles of product formed or reactant
consumed, n is the number of electrons transferred, 1 is the short-circuit photocurrent and t is

time.

3. Results and Discussion

3.1. Electrode materials characterisation

3.1.1. Pt-CC characterisation
SEM analysis of the different times for the Pt deposition on CC was performed. Samples were

denoted according to the deposition time, T», i.e. Pt-CC 600s, Pt-CC 300s, Pt-CC 60s, Pt-CC
30s, and Pt-CC 10s.

Figure 1 shows images of the Pt deposition on CC at different T.. All images were taken with
the same magnification and scale (20 k magnification, at 10 kV and 2um scale) in order to
facilitate comparison. In figure 1, the Pt particle size increased with electrodeposition time. It
can also be seen that at lower deposition times the platinum particles (figure 1 D) and E)) are
more evenly distributed on the carbon cloth, with less particle agglomeration when compared
to longer deposition times (figure 1 A), B) and C)). To confirm the presence and the distribution
of Pt on CC, EDS was performed.



Figure 1 - SEM images of the effect of the deposition time, t, on the Pt-CC. (A) Pt-CC 600s,
(B) Pt-CC 300s, (C) Pt-CC 60s, (D) Pt-CC 30s, and (E) Pt-CC 10s. All images were taken
with a 20 k magnification, at 10 kV and 2um scale.

For a specific region of Pt-CC (figure 2), EDS signals from the brighter contrast particles in
the images, confirm the presence of Pt in the high contrast regions. The peaks obtained for Pt
in the spectra (figure S3), correspond to the X- ray energy table, i.e La 9.441 keV and Ma
2.050 keV, The presence of F in the spectra is due to the composition of the CC, which contains
3 to 30 % of polytetrafluoroethylene to add hydrophobicity. Using multiple images the average

particle size for the lowest T, Pt-CC 10s was calculated.
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Figure 2 — SEM images and EDS analysis of the Pt-CC with t2=10s. (A) Area selected for
the scan, (B) layered image from the analysis of the Pt deposition (Pt detected in pink colour),
(C) elemental mapping of the Pt deposition (pink colour), (D) Particle diameter distribution
of Pt on CC at T>=10s

The particle size distribution of Pt on the substrate at T,=10 s, used as an electrode can be seen
in figure 2 (D). The particle size distribution for the other T> was not measured. It was observed
that the average particle diameter was between 40-50 nm. Particle diameters between 20 and
60 nm were more commonly found when using this electrodeposition time. Duarte et al. [25],
only studied the particle diameter for their lowest T2, which was 60s. The SEM image obtained
by Duarte et al. for T>=60s is in agreement with the one obtained in this work (figure 1 (C)).
They obtained their highest number of particles within the range of 70 to 150 nm in diameter,
which is two times higher than the one showed in figure 2 (D). This would be expected since
the deposition time is higher in Duarte et al work, than the one used in this work.



3.1.2. TiNT characterisation
After anodization and annealing at 450 °C for 1 h, TiNT were analysed with SEM and their

average diameter was calculated (figure 3).
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Figure 3 - TINT characterisation. (A) SEM image of the TINT (20 k magnification, at 10 kV
and 2um scale), (B) Nanotube diameter distribution

A SEM image of the aligned TiNT can be seen in figure 3 (A). SEM analysis showed that the
entire area is uniformly covered with TiNT. The distribution of nanotube diameter obtained
through electrochemical anodisation was calculated (figure 3 (B)). It was observed that the
majority of the TiNT presented an inner diameter of 110 to 120 nm with a standard deviation
of + 21 nm. According to the literature, TINT prepared by electrochemical anodisation usually
have an inner diameter on the order of 100 nm [27]. This correlates reasonably with the inner
diameter obtained in this study. However, the length and wall thickness of the TINT were not

measured in this work.

3.2. Photoelectrochemical studies

Photoelectrochemical studies were performed on the three photocatalysts. P25 as reference
material, hydrothermally prepared NT utilised for photocatalytic CO2 reduction in a previous
work [3] and anodized TiNT. Anodized nanotubes (TiNT) were studied in terms of
photoelectrochemical properties as it has previously been reported that TiNTs have a much
better photocurrent response than P25 particulate electrodes and their direct formation on Ti
foil allows for simple incorporation into a PEC as a photoanode.



The spectral response, measured at a fixed potential of +1.0 V for all three photocatalysts, NT,
P25, and TiNT can be seen in figure S4 (A). All samples show photocurrent up to 420 nm, with
P25 and TINT having its highest photocurrent at 350 nm and NT at 320 nm. The spectral
response of TINT is higher than all the other catalysts tested, reaching a maximum of 28 pA
cm at 350 nm. The result obtained with P25 are similar to the ones obtained by Sharma [24].
The photocurrent response seen with hydrothermally prepared NT is four times higher than the
one with P25, which is in agreement with the results obtained with the steady-state potentials
(figure S4 (B)).

All photocatalysts show a negative onset potential, -0.16 V for P25, -0.11 V for NT, and -0.3
V for TINT. The NT electrode has a greater photocurrent at more positive potentials than 0.15
V (SCE) when compared to the P25 electrode. The photocurrent observed was higher than any
other photocatalyst tested, with 70 pA cm at a potential of +0.5 V (SCE).

The current vs potential response of TINT can be seen in figure S5. A photocurrent of 75 pA
cm was observed at a potential of +1.0 V vs SCE. This result is in agreement with the one
observed through the measurement at fixed potentials. The photocurrent density for the TINT
electrodes obtained in the present work is slightly higher than that obtained by Sharma [24]
who reported 40 pA cm™? at +0.65 V vs SCE with the same reaction conditions, albeit using
0.1 M HCIOa4. The use of an acidic solution could explain the decrease in photocurrent density
as the limiting oxidation reaction occurs more favourably in neutral pH solutions than acidic

ones.
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Figure 4 - Combined IPCE plots of P25, hydrothermally prepared NT and TiNT samples

The spectral response of P25, hydrothermally prepared NT and TiNT was used to calculate the
IPCE (eq. 2). The IPCE plots for all samples can be seen in figure 4. TINT show a higher IPCE
than the other two photocatalysts. Wang et al. [28], studied the photoelectrochemical
properties of P25 and hydrothermally obtained NT. They obtained a peak A IPCE of 49.3 % for
P25 and 17.9 % for NT, while irradiating with a 150 W xenon lamp [28]. The high efficiency
obtained by Wang et al, when compared to the ones in this work, can be explained by the
difference in light intensities. Light intensity directly affects the IPCE, causing a difference in
magnitude and even the shape of the curve measured [29]. A higher IPCE will be obtained at
lower light intensities since less recombination will occur and the reaction is not mass transport

limited.

Cui et al. [30], studied TiO. nanotube arrays, obtained through electrochemical anodization,
for the photoelectrochemical water-splitting. In their work, they used a 150 W Xe lamp, Pt wire
as counter-electrode, and Ag/AgCI (KCI saturated) as reference electrode. Cui et al. observed
an IPCE of around 20 % in the wavelength range from 300 to 370 nm at 0.23 V vs Ag/AgCl
for TINT [30]. Wherein the shape of the IPCE curve is in agreement with the one obtained in
this work, but the IPCE value is fairly similar.



TINT electrodes presented a higher photocurrent density and a more negative onset potential
for anodic current when compared to the other electrode materials tested. Therefore, it was

selected for the photoanode material in the PEC.

3.3. Photoelectrocatalytic reduction of CO>
The anode (TiNT) and the cathode, either as received carbon cloth or platinised carbon cloth

(Pt deposition T»=10s) were separated by a Nafion membrane and hot pressed together,
creating a photoelectrocatalytic disk, prior to being inserted in the PEC. The distance between
the photoanode and the irradiation source was kept the same as that used in the photocatalytic
experiments [3] in order to allow comparison of the results. Two different photocatalytic disks
were tested: one with non-platinised carbon cloth (TiNT/CC) and one with platinised carbon
cloth (denoted TiNT/Pt-CC). For each photocatalytic disk, runs in the dark, in the absence of
CO- and in the presence of 20% CO2 were performed in replicate (denoted R1 and R2). In
between runs, the reactor was purged for 10 minutes, with the irradiation and applied bias off,

before being closed to replicate the experiment.
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Figure 5 - CO production after 30 min, for both replicates, with both photocatalytic disks
tested. (A) TINT/CC, (B) TiNT/Pt-CC

The results obtained for the photoelectrochemical reduction of CO2 can be seen in figure 5,
where only CO production was observed. In the presence of CO> and irradiation, an increase
in CO production of 35 % with TiNT/Pt-CC was observed when compared to the TINT/CC
disk (297.98 and 106.04 ppm respectively for R1). The purely electrocatalytic reaction, due to
electrical bias, in the dark also showed production of CO, albeit a fraction of the products one
seen with light irradiation (84.96 ppm with TINT/Pt-CC and 51.13 ppm with TiNT/CC for R1).



Controls in the absence of CO. were also performed and no product formation was observed
for the TINT/CC disk. However, with the TiNT/Pt-CC disk, a small amount of CO was
measured 2.58 ppm for R1 and 2.56 ppm for R2.

A significant difference was observed between R1 and R2 for all reactions, except in the
absence of CO>. The first run always showed a higher production of CO when compared to
subsequent runs. With the TINT/CC disk in the presence of CO; and irradiation, the yields of
CO decreased from 106.04 ppm to 51.13 ppm whereas with the TiNT/Pt-CC disk, under the
same conditions, the yields of CO dropped from 297.98 ppm to 91.17 ppm. This is likely due
to poisoning of the cathode. Jovanov et al. reported the lifetime of electrocatalyst for CO>
reduction is typically short with a half-life in the region of a few hours [31]. The nature of the
poisoning was not investigated in this study but candidates include K+ ions coming from the
electrolyte, CO or carbonate occupying binding sites for CO> reduction on Pt [9, 32]. It has
been shown that CO poisons Pt at concentrations of only 10 ppm and can cover from 60 to
100% of the surface of the electrode [33-35]. Considering that on the first run (R1) the lowest
amount of CO observed was 84.96 ppm with TiINT/Pt-CC in the dark, and only 10 ppm of CO

are enough to poison Pt, we assume that the Pt was poisoned by the production of CO.

Table 1 - Formal Quantum Efficiency (FQE) and Faradaic Efficiency (FE) for CO production
obtained for the samples studied

FQE FE
Photocatalytic disk - condition (250 - 410 nm) (%)

R1 R2 R1 | R2

TINT/CC - dark - - 20 1

TINT/CC - light 4.84x 103 2.93x 103 4 2

TINT/Pt-CC - dark - - 41 25

TINT/Pt-CC - light 1.36 x 1072 416x 103 13 5

The Formal Quantum Efficiency (FQE) and the Faradaic Efficiency (FE) were calculated based
on eq. 3 and 4 respectively for the yields obtained in the photoelectrochemical reduction of
CO: (table 1). When comparing the FQE obtained in this work with literature [3], even the
lowest rate cathode material, TINT-CC R2, is higher than the ones obtained previously. Using

a similar reactor, hydrothermally prepared NT had previously been the best photocatalyst



tested, having a FQE of 2.01 x 107 for CO and 5.75 x 10 for CH4 [3]. In this work, the FQE
of the photoelectrochemical PEC are two to three orders of magnitude higher than the ones
obtained with the photocatalytic reactor. Another important difference between the results
obtained in this work and in our previous work [3] is that only CO was observed with PEC

whereas CO and CH4 was obtained with the photocatalytic reactor.

CO has a higher economic value when compared to CHg. If the PEC was to be commercialised,
then high valued low electron number platform chemicals such as CO, COOH, etc would be
more desirable since the values per kg are in several orders of magnitude higher than CHa,
CH3OH, and other fuels. Furthermore, CO is an important ingredient in the feed stock of
syngas, with CO. and H2, which through Fischer-Tropsch reactions yields a high number of
hydrocarbons [36, 37].

The runs performed in the dark show a high FE for CO, which might suggest that the
electrochemical reduction of CO. has a higher affinity for CO production. This can be
corroborated by the results presented in the literature that show CO as their main product.
Sharma et al., studied N-doped CNT for the electrochemical reduction of CO>. To that end,
they used different precursors, such as acetonitrile (ACN), dimethlyformamide (DMF), and
triethylamine (TEA), and various growth temperatures; and compared it to pristine CNTs. At
a potential of -2.0 V vs SCE, a FE of less than 10 % was obtained for CO with CNTs [38].
Genovese et al., also tested the electrocatalytic reduction of CO: in a two-compartment cell
with three-electrode, using Pt as a counter electrode. After 1 h of applying a voltage of -1.4 V,
89.8 % of Ha, 0.49 % of hydrocarbons, and 9.8 % of CO was obtained [39]. These results are
similar to the ones obtained in this work in the dark, i.e., electrocatalytic reduction of CO> to
obtain CO.

It is difficult to compare the results obtained in this work to the ones presented in the literature,
as most studies reported use a liquid phase reactor. Very few studies have been performed in
the gas phase [40-45]. Cheng et al., used a two compartment PEC cell in liquid phase. The
photoanode used was Pt-TiNT with 1 M NacCl as the electrolyte and the cathode was Pt-RGO
with 1 M NaHCO:s as electrolyte. After 8 h of irradiation with 300 W Xe-arc lamp, the highest
product obtained was H>. Other products, such as alcohols and traces of CO were also observed
[44]. Chang et al., used a two-compartment cell, with TiO2 nanorods (TiO2 NR) in 0.1 M NaOH
as the photoanode, and Pt foil in 0.1 M KHCOs as cathode. After 3 h, irradiating with a AM
1.5G illumination, FE of 15.86 % for CHa4, 17.05 % for CO, 0.11 % for CH3OH, and 65.07 %



of H, were obtained [42]. Jang et al., used a three-electrode configuration, with Ag/AgCl as
reference electrode, Pt mesh as counter electrode, and ZnTe/ZnO—NW as semiconductor in 0.5
M KHCOs. After 30 min of irradiating with a solar simulator (1 sun), they obtained a FE of 7.2
% for CO at -1.2 V vs SCE [41]. Yamamoto et al., used a three electrode PEC, irradiated with
a UV LED (365 nm), with TiNT as photoanode in 0.3 M KOH in CH3OH, Ag quasi-reference
electrode (QRE) as reference electrode and Pb or Ag as counter electrode, in 3.0 M KHCOa.
With Pb as cathode, a FE of 80 % for HCOOCHs, 9.5 % for CO, and 5.1 % for H2 was obtained.
Whereas a FE of 13 % for HCOOCHSs, 61 % for CO, and 3.3 % of H> was achieved with Ag
as cathode [43]. Showing that electrode material can be utilised to change the main product (Pg
cathode for formic acid to CO with Ag cathode) Despite the configuration in the present work

being different the FE's for CO are quite similar to the ones observed in the literature.

The photoelectrochemical reduction of CO> should have higher photocatalytic efficiency due
to the separation of photogenerated electron-hole pairs being increased by an external bias.
Additionally, having a two chamber PEC avoids the re-oxidation of reactive products. Despite
p-type semiconductors being the most commonly reported in the literature for CO> reduction,
metal oxide n-type semiconductors are more stable under irradiation in contact with water, and
are typically less expensive [6]. In an n-type PEC reactor, the photoanode is commonly
composed of a titania-based photocatalyst that will oxidise water to yield O, and H™ under
irradiation. The photogenerated electrons and protons are then transported to the other
compartment of the cell through the applied bias and the membrane, respectively. Finally, at
the electrocatalytic cathode in the gas phase compartment, the protons and electrons react with
the CO; and generate products [6, 46]. In this work, similarly to the mechanism described by
Yamamoto et al. [43], when the TiNT photoanode is irradiated photogenerated electrons and
protons are produced from the oxidation reactions. These are then transported to the cathodic
gas chamber through the membrane, with help of the applied bias. The electrons/protons react

on the cathode surface with the CO; present in the compartment following the equation below.

€0, S « CO; (eq5)

COz+e™
*CO0, —— CO + CO5™ (eq6)

The adsorbed CO; (radical anion) in the Pt-CC formed through eq. 5 then follows the second
electronation/protonation to produce adsorbed CO (eq. 6). However, as Ampelli et al. stated
[9], when using KHCO3 as an anolyte, it also leads to the migration of K* through the



membrane. These ions react with the Pt deposited on the CC causing poisoning, which prompts
an irreversible deactivation. This could be seen in the present work with the difference in yields
between R1 and R2. After R1, some K* ions might have been transferred to the cathode, leading
to its poisoning and therefore not allowing a reproducible R2.

4. Conclusions

The use of a PEC for the reduction of CO2 showed a significant improvement in CO product
yield when compared to the equivalent photocatalytic reaction (two to three levels of magnitude
higher), which is consistent with reports in the literature. Modifying the cathode with Pt also
showed a further increase in the CO yields. The FE efficiencies for CO were calculated for all
the runs performed in this work. While the ones in the dark are comparable with the ones
reported in the literature for electrocatalysis, the same cannot be said for the runs performed
with light irradiation as very few reports in the literature use gas phase PECs. However,
numerous replicates using PEC are not possible due to poisoning of the cathode [9]. The
lifetime of cathode materials for photoelectrocatalytic or photovoltaic reduction of CO2 in
PECs is a known issue [31] requiring more robust materials. Further studies utilising alternative
membrane and electrode materials could provide an improvement on the limitations of
materials observed with this PEC. However this work shows a clear increase in activity when

comparing photocatalytic and photoelectrochemical systems under identical irradiation.
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