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ARTICLE INFO ABSTRACT

Keywords: Photoreduction of CO; to solar fuels and chemicals offers a sustainable method to produce net zero energy
€O, utilisation vectors. For large-scale applications, it is crucial to develop an improved understanding of the influence of re-
Photoreduction

action conditions on the design and optimisation of the photoreactor. The performance of CuO impregnated on
BaTiO3 photocatalyst was investigated and compared to pristine BaTiO3, and CuO impregnated on commercial
P25 (CuO/P25) and ZnO. The influence of irradiance, CO, and H,O flow and partial pressure, and CO/H50 ratio
on the product yield and selectivity were examined. Using Design of Experiments and Computational Fluid
Dynamic modelling, the optimised reaction conditions were irradiance of 125 mW cm ™2, with a CO, flow of 0.09
mL min~}, and water bubbler temperature of 25 °C. At these conditions, a 2 and 10-fold increase of CO and CH,4
production, respectively, were obtained, compared to baseline conditions as well as exhibited the highest CO and
CH4 production rate compared to previous reports. Among the earth-abundant photocatalysts, CuO/P25 had the
highest quantum yield for CH4 (¢cu4: 0.47), whilst CuO/BaTiO3 exhibited highest ¢co (0.09) and stability for CO
production. The under-performing of BaTiOs and CuO/BaTiO3 was attributed to the presence of amorphous
phase in BaTiOs. This work reveals that the combination of catalyst design, reaction engineering, and modelling
can improve the efficiencies of CO5 photoreduction.

Design of experiments
CFD modelling
Photocatalysis

System optimisation

1. Introduction However, their large bandgap energy (3.0-3.2 eV), which absorb only

UV range, and rapid charge recombination, limit its photocatalytic ac-

CO. utilisation for fuels and chemical building blocks plays an
important role in detaching societies’ reliance on fossil fuels and func-
tion within a circular economy [1-4]. Photoreduction of CO; offers a
promising net zero solution for sustainable energy vector production by
directly converting solar energy to fuels [5,6]. However, industrial
adoption has been limited due to the low conversion rates and quantum
efficiencies. To achieve large-scale application of photocatalytic CO5
reduction to valuable C;-products, such as CH4 and CO, it is essential to
develop affordable catalysts coupled with system optimisation and
efficient reactor design that promotes high conversion and facilitates
variable throughputs.

Titanium dioxide (TiO3) has been extensively used as a photocatalyst
due to its low-cost, abundant availability, and suitable band-position.
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tivity [7,8]. Zinc oxide (ZnO) has also been explored due to its basicity
that could enhance CO, adsorption. Compared to TiO9, ZnO (3.3-3.4 eV)
suffers from poor charge separation and photo-corrosion [9]. In this
context, titanium-based perovskites, such as barium titanate (BaTiOs3),
have displayed high potential because BaTiO3 (~3.4 eV) exhibits good
basicity that aids COy adsorption and activation, and having proper
band position for CO, photoreduction. Additionally, some crystalline
phases of BaTiOs exhibit ferroelectric properties that further hinders
charge recombination, thus, enhancing its photocatalytic activity
[10-13]. Although pure BaTiO3 demonstrates satisfactory performance,
previous research has shown that modifying the material, such as
Ni-BaTiO3 [14] and BiO-BaTiO3 [15], can enhance its catalytic activity
and product selectivity.
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Co-catalysts, such as metal oxides [16], metals [17], non-noble
metals [18], metal sulphides [19], and carbonaceous materials [20],
play a crucial role in reducing the reaction potential, supporting inter-
facial charge transfers, increasing the number of photoactive sites, and
improving photon harvesting and reactant adsorption [21]. Among
these co-catalysts, copper oxide (CuO) has gained significant attention
for CO5 photoreduction because CuO is non-toxic, abundantly available,
displays enhanced absorption of visible light, and possesses excellent
CO adsorption capability [22]. Previous studies have demonstrated that
CuO impregnated on TiO, and ZnO can reduce the charge recombination
and achieve efficiencies comparable to noble metal-containing photo-
catalysts for CO, photoreduction [15,23-27]. Unfortunately, thorough
study of CuO impregnated BaTiO3 (CuO/BaTiO3) to understand the
synergetic effect of CuO and BaTiO3 has not been carried out. Therefore,
this study aims to investigate the performance of CuO impregnated
BaTiO3 (CuO/BaTiO3) for CO; photoreduction and compare it with
pristine BaTiO3, and commercial TiOy (Evonik P25) and ZnO impreg-
nated with CuO. This exploration of CuO/BaTiOj3 as a photocatalyst for
CO,, reduction represents a novel avenue of research in the field, with
the potential to uncover new insights and improvements in photo-
catalytic performance.

In addition to catalyst development, tailoring reaction conditions is
also key to accessing the photoactive sites, which can influence the yield
and product selectivity, as summarised in Table S1. Due to the lack of
standardisation in testing conditions, it is necessary to investigate their
role in the perspective of evaluating the process parameters and
compare the performance of various photocatalysts within the same
operational conditions. Olivo et al [28]. previously investigated the ef-
fect of time and irradiance on conversion, concluding that both irradi-
ance and time have a significant impact on CH4 production under low
irradiance conditions. In particular, the concentration/partial pressure
of the reactants plays a significant role on the reaction performance and
the product yield and selectivity [29]. Thompson et al. discussed that
low CO,, partial pressures favours CO production [30]. In contrast, Dilla
et al. reported that increasing the concentration of CO» (<1000 ppm)
accelerated the formation of CH4 up to an optimum [31]. Likewise, the
concentration of water in the system plays a significant role as an
oxidant and a proton donor, which results in a facile transfer from the
oxidation to reduction sites [32].

To improve the performance of CO5 photoreduction systems, a deep
learning and understanding of the influence of the CO2:H20 along with
other process parameters, on the conversion rates and desired product
yields is required. Furthermore, there is a critical need for modelling
methods to evaluate the fluid dynamics of reactions and display the
transport of photons in the reactor whilst considering the reaction ki-
netics, and mass and heat transfer [33]. Computational fluid dynamic
(CFD) models can provide insights into the reactor geometry, fluid flow,
mass transfer, photon transport and their influence on the chemistry and
physics inside the system [34]. Coupling CFD with Design of Experi-
ments (DOE) can be utilised to investigate the synergetic effects of the
reaction and the effect of process parameters on the system that provide
insight beyond the experimental limitations without acquiring a large of
number of experimenting runs [33,35-40]. Hence, by employing DOE
and a first principles-based CFD model, this study investigates the
impact of the CO2:H0, irradiance and gas flowrate on the product yield,
selectivity, and CO utilisation rate of BaTiO3 and CuO-BaTiOs. Notably,
the optimised catalyst loading on our setup has been studied previously
[41]. Hence, this parameter is excluded from this study.

2. Materials and methods
2.1. Material Synthesis
2.1.1. Zinc Oxide (ZnO)

ZnO was synthesized by precipitation following Ref [42]. Briefly,
7.11 g of Zn (NO3)2-6 HoO (Sigma-Aldrich, >99%) was dissolved in
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50 mL of milli-Q Hy0. The solution was added dropwise with a peri-
staltic pump to an aqueous solution adjusted at pH 10 with NaOH 2 M
(Sigma-Aldrich, >98%) under magnetic stirring. During the addition,
the pH was continuously adjusted with NaOH 2 M solution. After the
addition, the solution was left under stirring at 500 rpm until it turned
opalescent. It was then transferred into a flask and put under reflux with
ethylene glycol at 60 °C for 20 h. The solid was rinsed and filtered with
sufficient HyO (until pH 7) and dried in an oven at 110 °C. The material
was further treated with calcination in a quartz tube at 600 °C for 2 h.

2.1.2. Copper oxide (CuO)

CuO nanoparticles (NPs) were synthesized following the protocol
reported previously [43]. Briefly, 2.0 g of CuSO4-5 Hy0 was dissolved in
50 mL of milli-Q H20 and left under stirring in a beaker covered with a
watch glass at 900 rpm for 30 min. NaOH 4 M (Sigma-Aldrich, > 98%)
was then added dropwise until pH 8.5 was achieved. The solution was
then left under stirring at 1000 rpm for 3 h. Then, the colour of the
solution changed from light blue to teal green. The solution was then
transferred into a Teflon flask and heated in an autoclave at 180 °C for
18 h. After the hydrothermal treatment, the obtained powder was
filtered and washed with sufficient milli-Q water and ethanol. After that,
it was left to dry in the oven at 110 °C overnight. The sample was cal-
cinated at 300 °C for 3 h under Ny atmosphere.

2.1.3. Barium titanate (BaTiO3)

BaTiOs was synthesized by a solvothermal process, modified from
the literature [10]. 50 mL of BaCl; 0.1 M solution (Fluka Analytical) and
titanium (IV) isopropoxide (Sigma-Aldrich, 97%) in equal molar quan-
tity were put in a beaker and the pH was adjusted to 12 with NaOH 4 M
(Sigma-Aldrich, > 98%). The solution was left under stirring for 1 h and
then put under hydrothermal treatment in an autoclave at 180 °C for
8 h. The sample was filtered and washed with HoO and ethanol, then
dried in an oven at 110 °C overnight.

2.1.4. CuO/BaTiOs, CuO/Zn0O, and CuO/P25

TiO, was used in its commercial form, i.e., Degussa P25 (Evonik,
Italy). To obtain CuO/ZnO, CuO/P25, and CuO/BaTiOs, the support
material (i.e., ZnO, P25, or BaTiO3) was impregnated with 2.5 wt% CuO
nanoparticles previously synthesized. Briefly, a known amount of CuO
was taken and put into a glass vial, dispersed in 1 mL of ethanol, and
sonicated for 30 min. The alcoholic solution was added dropwise to the
support material, which was put in a crystallizer with the help of a
Pasteur. When the powder was wet, it would be moved into the oven to
evaporate the excessive solvent. The material was then dried in the oven
overnight at 110 °C.

2.2. Material characterisations

The morphology of the synthesized products was examined by a field
emission scanning electron microscopy (FE-SEM, Quanta 200 F FEI)
equipped with an energy-dispersive X-ray spectroscopy (EDX) detector
and a high-resolution transmission electron microscope (HRTEM, FEI
Titan Themis 200) operated at 200 kV. Crystallinity and phase identi-
fication of the synthesized products were conducted using powder X-ray
diffraction XRD (Bruker D8 Advanced Diffractometer) equipped with Cu
Ko radiation (A = 1.5418 10\) and compared with the ICDD-JCPDS
powder diffraction file database. X-ray photoelectron spectrum (XPS)
analysis was performed using a Thermo Fisher Scientific NEXSA spec-
trometer. The samples were analysed using a micro-focused mono-
chromatic Al X-ray source (19.2 W) over an area of approximately
100 pm. Data was recorded at pass energies of 200 eV for survey scans
and 50 eV for high resolution scan with 1 eV and 0.1 eV step sizes,
respectively. Charge neutralisation of the sample was achieved using a
combination of both low energy electrons and argon ions. C 1 s electron
at 284.8 eV was used as standard reference to calibrate the photoelec-
tron energy shift. All the data analysis was performed on the XPSPEAK
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software (version: 4.1). The chronoamperometric measurement was
conducted on the Autolab PGSTAT302N electrochemical workstation
with a standard three-electrode system. A Xenon UV lamp (LAX-C100 by
Asahi Spectra USA) was used as the light source. To fabricate the
working electrode, 20 mg of powder sample were dispersed in 2 mL of
ethanol followed by sonication for 1 h. The solution obtained was spin-
deposited onto a piece of fluorine doped tin oxide (FTO) glass to coat an
area with dimensions 1 cm x 1 cm. Then, the prepared film was air-
dried and annealed at 200 °C overnight. Pt wire and Ag/AgCl (KCl
1 M) were used as the counter and reference electrodes, respectively.
The electrolyte used was 1 M of KOH aqueous solution.

2.3. CO; photoreduction test

CO; photoreduction tests were performed to investigate the perfor-
mance of earth-abundant photocatalysts and optimise the process pa-
rameters. The prepared photocatalyst samples were tested for COy
photoreduction using the procedures described previously [44]. Briefly,
10 mg of the photocatalyst was dispersed in 1 mL of ultrapure water and
sonicated for 5 min. This solution was then deposited with a Pasteur
pipette on a glass microfiber filter disk (Whatman GF/C, diameter
47 mm), and dried in the oven at 120 °C for 2 h. The photoreduction
experiments were carried out in a thin film fixed bed photoreactor with a
simple design that ensures the driving force of the reduction reaction
only depends on the solar energy/incident light [45,46]. The photo-
reactor consisted of a stainless-steel base, in which the glass microfiber
filter disk coated with photocatalysts was placed. The photoreactor was
then sealed by a stainless-steel lid with a quartz window (diameter
5.5 cm, depth 1.1 c¢cm) [28]. A schematic diagram of the reactor is shown
in Fig. 1.

Prior to the photoreduction experiment, the photoreactor was
evacuated with a vacuum (—1 bar) and then purged with pure CO,
(1 bar) [30]. This process was repeated 3 times. Finally, the COy was
released through the GC injection port leaving the system at a constant
pressure of 0.2 bar throughout the experiment. Thereafter, the flow rate
of CO2 and argon was set according to the experimental conditions
ensuring a total gas flow of 0.35 mL min~ ! was maintained throughout
the experiments. The gas mixture was purged through a
temperature-controlled saturator filled with milli-Q water overnight to
allow the system to reach equilibrium. The humidity in the system was
continuously monitored and recorded using an inline Sensirion SHT75
humidity sensor placed (MG Chemicals 832HD) connecting to a Swa-
gelok 1/4" T-piece. The temperature of the photoreactor was maintained
and controlled using a hotplate (at 50 °C) and the temperature of the gas
line was heated using a heating cord and thermocouple. The tempera-
ture of the photocatalyst inside the reactor was measured using an IR
thermometer (Stanley STHT77365 s1mW, 630-660 nm).

LAX-C100 Asahi Spectra light source with a wavelength between 240
and 1000 nm and a collimator lens (model KLQ@5 Asahi Spectra) was
placed 12.5 cm above the surface of the glass fibre disk. The irradiance
was measured using a One Sun Checker (Asahi Spectra CS-20) and the
intensity was adjusted to meet the required irradiance (Table S2). A dark

Solar Simulator

_- Quartz glass
.

-
-

Stainless steel reactor « ’= _- Photocatalyst
\ Z -

\ -

Fig. 1. Schematic of the photoreactor.
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reaction was performed prior to the light being switched on; no product
was observed.

An inline GC (Agilent, Model 7890B series) with a Hayesep Q column
(1.5m), 1/16 in. od, 1 mm id), MolSieve 13X (1.2 m), 1/16 in. od,
1 mm id), thermal conductivity detector (TCD), nickel catalyzed meth-
anizer for the detection CO and CO, and flame ionization detector (FID)
was used to analyse the output of the photoreaction. The data output
from the GC was used to calculate the cumulative production of CO,
CHy4, O, Hy, N3, and CO3, by integrating the area using MATLAB [28,42,
44].

Cyclability tests of the CuO/BaTiO3 photocatalyst were done with
three cycles of 3-h reactions. Between the cycles, the photocatalyst (i.e.,
CuO/BaTiO3) loaded on the glass microfiber disk was regenerated by
placing it in the oven at 120 °C for 2 h to remove absorbed molecules
such as water. The catalyst disk was placed back into the reactor, sealed,
and was prepared for the next cycles following the experimental pro-
cedures mentioned above. XRD analysis of the sample was performed. In
particular, the analysis was conducted for the bare glass microfiber disk
with and without a thermal treatment in the oven at 120 °C for 2 h,
CuO/BaTiOg3 loaded onto the support both air-dried and dried in the
oven - the latter considered the ‘pre-reaction’ stage — and for the catalyst
after one and three cycles of reaction.

The performance of the system was evaluated using the cumulative
production of the products, the quantum yield, and the CO; utilisation
rate. The quantum yield (¢) in photocatalysis measures the rate between
the amount of product produced and the number of photons absorbed by
the photocatalyst at a specified wavelength (A)[28]. ¢ values for CO,
CH4 and Hj evolution for CO, photoreduction were calculated according
to Eq. (1). The incident flux was determined by a BLACK-Comet
F600-UV-SR Spectrometer (StellarNet Inc.) when the photocatalyst
was irradiated under the UV light lamp (LAX-C100 Asahi Spectra). The
CO-, utilisation rate was calculated by taking the mole% of CO, inlet:
CO5, outlet as the amount of CO5 consumed [22].

amount of product formed

= 1
amount of photons absorbed(240 — 400 nm) M

Pproduct ()

2.4. Design of experiments

To assess the impact of reaction conditions on the desired product
selectivity and identify optimal reaction conditions, a systematic
approach utilising Design of Experiments (DOE) was employed. The
primary focus of employing DOE was to mainly investigate the effect of
irradiance and the CO2:H20 on the product yield and selectivity.

The CO2:Hy0 was experimentally varied by utilising a mass flow
controller to regulate the CO, gas flow, while adjustments in the Hy0
concentration was accomplished by varying the temperature of the
bubbler in the saturator. Consequently, the variables under investigation
in this study consisted of irradiance, flow rate of CO5, and flow rate of
H30 (controlled via the bubbler temperature). The design of experiments
was set up using a two-level full factorial design with 3 factors and 3
centre points, building up to 11 experimental runs. The experimental
ranges for the variables are highlighted in Table 1. It is important to note
that these ranges were selected with due consideration for constraints
imposed by the reactor setup. For instance, the upper limit of the irra-
diance was determined by the detection capability of the sun checked, i.
e., the highest measurement was 125 mWcm 2. Additionally, the

Table 1

Experimental variables for CO, photoreduction.
Variable Low Medium High

(-1 (0) (+1)
Irradiance (mWem ™ 2) 75 100 125
CO, Flow (mL min 1) 0.09 0.22 0.35
H,0 Temperature (Bubbler temperature, 25 30 35
Q)
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maximum gas flow rate into the reactor is restricted to 0.35 mL min !
and the maximum temperature of the bubbler was limited to 35 °C to
prevent system flooding. Each experiment was conducted for 4 hr using
the CuO/BaTiOs catalyst. Using the cumulative production results for
the products CO, CH4 and Hy, the results were analysed using Minitab
software with a confidence level of 0.95.

2.5. Simulation study

2.5.1. Model Development

This simulation study builds a rigorous model of the photoreactor
while integrating the fluid dynamics, reaction kinetics, and radiation
field. Proposed by Oliveira De Brito et al [33]. three steps are required to
develop a CFD model of the photoreactor: the hydrodynamic model, the
radiation model, and the kinetic model as illustrated in Fig. 2 [33]. The
hydrodynamic model defines the flow characteristics and species
transport, whilst the objective of the kinetic and radiation models are to
determine the rate of the CO5 photoreduction reaction considering light
intensity [33].

Using COMSOL V6.0 software, a stationary three-dimensional model
of the photoreactor was developed and compared against the experi-
mental data obtained from this study. The inlet gas in the model was set
as a mixture of Ar, CO,, and HyO (vapour). Detailed information about
the model parameters are listed in Table 2. The model was built with the
gas flow in the steady state with the following assumptions applied:

1. The fluid flow is in the laminar regime (i.e., Rej, < 0.1) as the average
flow field is proportional to the pressure difference across the
reactor.

2. No slip is the default boundary condition for a stationary solid wall
for laminar flow.

3. The gas in the reactor is assumed to be ideal with constant physical
properties.

4. The gas mixture enters the reactor at the inlet with a uniform con-
stant velocity distribution.

5. The reactor wall is adiabatic and the temperature distribution across
the reactor is uniform.

6. The heating caused by the UV lighting is negligible which was
experimentally justified.

7. The steady-state model only considers the reaction profile when the
photocatalysts are active.

2.5.2. Hydrodynamics model

The gaseous fluid flow (CO3, Ar and H,0 vapour) in the photoreactor
occurs at atmospheric pressure and temperature. Hence, the gas can be
considered a Newtonian incompressible fluid with constant physical

Photoreactor
Modelling
Experimental CFD (/
Data Modelling ;
Results N
Analysis

l

Validation and
Case Study

Fig. 2. CFD simulation flowchart.
Adapted with permission from Ref [33].
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Table 2
Model parameters.
Type Variable Value Unit
Geometry Ry, Reactor Height 1 mm
Ry Reactor Diameter 50 mm
Sa Catalyst Support Diameter 47 mm
St Catalyst Support Thickness 0.2 mm
dip Gas inlet Diameter 0.6 mm
doue Gas outlet Diameter 0.4 mm
Conditions T Temperature 36 °C
P Pressure 101 kPa
A Inlet Gas Flow Rate 0.35 mL/min

properties [47]. Moreover, for a single-phase gaseous fluid flow system
the mass balance can be described using total mass conservation and the
momentum balance using the Navier-Stokes equation [33,48]. There-
fore, the following equations were used to solve the mass balance of the
reacting species in the photoreactor:

e The continuity equation that represents the conservation of mass:

Vpeu=20 (2)

e The momentum equation uses Navier-Stokes equation to represent
the conservation of momentum for an incompressible flow:

p(rou):Vo[7p+u(Vu+(Vu)T}+F 3

e The mass transport of the chemical species governed using Fick’s
Law:

Ve(—DVc¢)+ueVe;, =R; (€©))

where p is density (kg/ms); u is velocity (m/s); u is viscosity (mz/s); T
absolute temperature (K); F is the volume force vector (N/ms); D;
diffusivity of species i (rnz/s); ¢; molar concentration of species i (mol/
m®); R, is the reaction rate expression for the species (mol/m3s).

The conservation of mass and continuity equations were solved by
the laminar flow module using the default P1 (velocity) + P1 (pressure)
discretization. Whilst the mass transport of the chemical species was
solved using the transport of diluted species module which provides a
modelling environment for the evolution of chemical species trans-
ported by diffusion and convection. This physics interface assumes that
all species present in the system are dilute. For this module, the con-
centration of the species was discretised using the linear method.

Kinetic Model * Surface Reaction

Hydrodynamics * Flow characteristics |}
Model * Species transport i
Radiation . L i
Madel Surface irradiation !
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2.5.3. Reaction kinetics and radiation model

The reaction kinetics identifies the pathway and rates of the re-
actions taking place within the system. Numerous reaction mechanisms
have been proposed for CO2 photoreduction processes with the three
dominant pathways being the formaldehyde, carbene and glyoxal
pathways. The reaction mechanisms that has been widely reported for
CuO-based and TiO,-based photocatalyst are the formaldehyde and
carbene pathways [22,23,49]. Using BaTiO3 based catalyst the domi-
nant reaction pathway reported is CO3 — CO - COH — HCHO — CH—
CH; — CH3 — CH4 with the hydrogenation of CO being the rate deter-
mining step mirroring the carbene pathway [14]. Therefore, to carry out
this simulation it was necessary to simplify the representation of the
reaction intermediates, focusing on the direct production of CH4 and CO

from COj. Hence, this simulation incorporates the following
pseudo-first-order surface reactions:[50,51].

2H,0 =2H, + 0O, 5)
CO, +H, = CO+H,0 (6)
CO, +2H,0 = CH4 4+ 20, @

For heterogeneous photocatalytic reactors, several studies have
related the kinetics closely to surface adsorption [18,37,48,52-54]. This
association stems from the fact that the reaction kinetics highly depends
on the catalyst surface reactions. Consequently, due to the dearth of a
more comprehensive alternative, the Langmuir-Hinshelwood (LH) or
derived variations have been widely adopted to describe the kinetics of
CO4 photoreduction. The LH derived kinetic model assumes that the rate
of the reaction varies linearly with the light intensity at every point in
the reactor:[53].

KiC;
1

_ a i=
S (s ra ®
where r is the rate of reaction (pmol gcat’1 h’l); k is the rate constant
(umol geat™! h™1); I is the irradiance; a is the reaction order of light
intensity; K is the equilibrium adsorption constant for reactants (m>/
mol); C is the concentration of reactant(s) (mol/ms); n is the adsorbed
reactants involved in the elementary surface reaction; z is the total re-
actants and products. At low concentrations the factors KC< <1,
therefore the equation is reduced to:[52].

rate,r = k" Creactant(s) ®

k = kK (10)

The rate constant for the photoreduction reaction can vary depend-
ing on numerous factors such as the quantum yield, light intensity and
absorptivity, concentration of active sites on catalyst, and the extinction
coefficient [55]. Therefore, the rate constant used in this model is the
apparent activation rate constant k; derived from the experimental data.

The distribution of the light intensity plays a crucial role in assessing
the performance of the system. To model the light distribution in pho-
tocatalytic systems, the radiation transport equation (RTE) is widely
adopted. The RTE describes the transmission of the photons from the
light source, accounting for their respective energies and incorporating
any losses resulting from absorption and/or scattering processes [33]. In
the system under focus, the catalyst is immobilised, and the reaction
occurs on the surface of the catalyst (excluding considering of porous
zones). Quantification of the scattering and absorption of light in this
system is challenging, thus the RTE reduces to the Beer-Lambert Law
[33,48].

I = Iye s 1)

where I is the incident light intensity; 4, is the attenuation coefficient; z
is the depth of the light travelling through the surface.
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3. Results and discussion
3.1. Catalyst characterization

3.1.1. Crystal phase

The crystal phases and crystallinity of the synthesized samples were
characterized using XRD (Fig. 3). The synthesized BaTiOs before and
after impregnating with CuO (i.e., CuO/BaTiOs, Fig. 3a and b) exhibited
the tetragonal perovskite structure with the most intense peak (110) at
20 = 32.2°. Additionally, other weak peaks centred at 20 = 22.2° (110),
38.9° (111), 45.6° (200), 56.1° (211), 65.8° (220) were observed
(JCPDS No. 31-0174), confirming the formation of perovskite [56]. The
broad peak at small Bragg angles indicated the presence of amorphous
part of the sample. Pristine ZnO and CuO-impregnated ZnO (ie.,
CuO/ZnO0) presented the peak pattern of a hexagonal cell (JCPDS No.
36-1451), in which the most intense peak is centred at 20 = 36.2° (101)
and minor peaks appear at 20 = 36.7° (100), 34.4° (002), 47.6° (102),
56.6° (110). Pristine and impregnated P25 (i.e., CuO/P25) exhibited the
characteristic peaks for anatase (JCPDS No. 21-1272) at 20 = 25.2°
(101), 37.8 (004), 48.0° (200), 53.9° (105), 55.0° (211), 62.6° (204) and
rutile (JCPDS No. 21-1276) at 20 = 27.4° (110) 36.1° (101), 41.2°
(111), 54.7° (211), 62.9° (103), 67.9° (112). In the impregnated sam-
ples, no significant changes in the position of peaks upon impregnation
with CuO was observed, indicating the formation of monoclinic struc-
tured CuO and ruling out alloying of CuO with TiO5 [27].

3.1.2. Morphology

The morphology of the synthesized materials was analysed by SEM-
EDX and HRTEM. BaTiO3 and CuO/BaTiO3 samples showed a combi-
nation of agglomeration and fibre-like structure (Fig. 4a and b). The
elemental distribution (i.e., Ba, Ti, and O) of the synthesized BaTiO3 and
Cu of the CuO/BaTiOg (Fig. 4b) was evenly distributed. The fabricated
CuO/P25 showed dispersive nanoparticles without severe agglomera-
tion after impregnating with CuO (Fig. 4c), meanwhile, the synthesized
CuO/ZnO exhibited dispersive rice-grain microstructure (Fig. 4d). The
impregnation of CuO was successfully imbued onto ZnO and P25 (Fig. 4c
and d, respectively). The faint EDX signal of Cu K was attributed to the
low concentration (2.5 wt% as nominal percentage in every impreg-
nated sample).

The HRTEM revealed that BaTiO3 presented polycrystalline and
amorphous structures (Fig. 5a and b). As for CuO/BaTiOs3, the CuO
cluster was observed, accumulating on the surface of BaTiO3 (Fig. 5¢).
The diffraction pattern of CuO was observed well-defined (Fig. 5d),

¢ ZnO o Anatase e Rutile Ao BaTiO3

o, 4
m 0 o0 %0 ®
:-3; . (e)
= . 2 ¢ % o° (d)

E a

&L ., ()
A A A A (b)
MMLMW e (@

Fig. 3. XRD spectra of (a) BaTiOs, (b) CuO/BaTiOs, (c) P25, (d) CuO/P25, (e)
ZnO and (f) CuO/ZnO.
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Fig. 4. SEM-EDX images of (a) BaTiOs, (b) CuO/BaTiO3, (c) CuO/P25, (d) CuO/ZnO.

confirming highly crystalline phase of CuO in the absence of pronounced
amorphous background [57].

3.1.3. Electronic properties

The estimated bandgap energy of BaTiOs, CuO/BaTiO3, CuO/P25
and CuO/ZnO using diffused reflectance was 3.5, 3.3, 2.8 and 3.0 eV,
respectively (Fig. S1). The photon-to-current properties of the samples
were elucidated using chronoamperometry results (Fig. S2). Each sam-
ple showed rapid response to the light source (i.e., UV light), manifesting
the excitation of electrons by light radiation, with response magnitudes
varying among the samples. Having the largest bandgap energy among
the samples, sample BaTiOs exhibited the lowest photon-to-current
density. After the impregnation of CuO into BaTiO3, CuO/BaTiO3 sam-
ple showed four times higher in the current density compared to the
pristine BaTiO3. Conversely, CuO loading did not have a significant ef-
fect on P25. The CuO/ZnO sample showed the greatest current density
among the samples; nevertheless, it also showed significant decay over
time due to light corrosion.

3.1.4. Surface chemistry

X-ray photon spectroscopy (XPS) was performed to gain information
on the stoichiometry, superficial species of the sample and the surface
chemistry. The Ba 3d orbitals of BaTiO3 and CuO/BaTiOs (Fig. S3) were
centred at 779.1 and 794.6 eV, attributing the 3ds,, and 3d3/, respec-
tively. The calculated value of the spin-orbit splitting (15.5 eV) is in
accordance with the presence of Ba®" attested in literature [58]. In
addition, Ti 2p was positioned at 457.9 (2ps,2) and 463.9 eV (2p;,2)
with a splitting distance of 6.0 eV, confirming the presence of Ti*" in the
lattice [59]. O 1 s peak was located at 529.4 eV, evidencing the Ba-O-Ti
bond [60]. Minor peaks at 530.5 and 531.5 eV were attributed to Ti-O-Ti
bonds and adsorbed oxygenated species, respectively [60,61].

The relative atomic% of each element is tabulated in Table 3. The Ba:
Ti ratio of BaTiO3 and CuO/BaTiO3 samples exhibited a much higher
ratio compared to the stoichiometry of the compound (i.e., Ba:Ti 1:1).
The excess of Ba might be beneficial to CO, adsorption [62]. CuO/Ba-
TiO3 shows a higher presence of oxygen, which is in accordance with the
Ti/O ratio of 1:3. The ratio is not respected in the pure perovskite, with a
value of 1:1.4. This leads to a greater exposure of superficial Ba and
could support the tendency of the material to form carbonates [62]. The
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agglomerate
50 nm

Fig. 5. (a) HRTEM image and (b) diffraction pattern of BaTiOs; (¢) HRTEM
image of CuO/BaTiO3; and SAED was acquired on the CuO cluster.

Table 3

Relative concentration of element (atomic%) of the synthesized samples.
Sample % Ba % Ti % Zn % O % Cu % C
BaTiO; 54 17 - 24 - 5
CuO/BaTiO3 42 13 - 38 5 2
P25 - 45 - 46 - 9
CuO/P25 - 41 - 37 13 9
CuO/ZnO - - 80 11 2

presence of Cu is attested at 5% with respect to the surface from the
integration of the detected peaks.

As for P25 and CuO/P25 (Fig. S4 a and b), Ti*t 2p characteristic
peaks could be detected for both samples at 458.8 and 464.6 eV, for 2p3,
2 and 2py o, respectively, with a spin-orbit splitting value of 5.8 eV. 0%
1 s peaks were detected at 529.6 eV. Weak peaks at 530.8 and 531.8 eV
could be related to adsorbed species [63]. Relative atomic% were
slightly different, but the Ti/O ratio was close to 1:1 for both specimens,
highlighting the presence of superficial oxygen vacancies. Carbon was
present with a percentage ~9%, advancing the possibility of the pres-
ence of superficial carbonaceous species. The Cu atomic% for CuO/P25
observed was higher than CuO/BaTiO3 probably due to the highly
dispersive CuO. As for CuO/ZnO spectra (Fig. S4c), Zn 2p orbitals were
detected at 1021.3 and 1044.2 eV for 2p3/» and 2p; o, respectively,
having 22.9 eV confirmed the formation of Zn?* in the wurtzite ZnO

Table 4

Journal of CO2 Utilization 75 (2023) 102568

structure [24]. The O 1 s peak centred at 530.3 eV was representative of
the Zn-O bond, whereas the shoulder peak centred at 531.7 eV was
deemed related to superficial hydroxyl species [64]. Nevertheless, the
intensity of the Zn peaks compared to O showed a major percentage of
oxygen vacancies within the sample. The relative concentration of Cu
within CuO/ZnO was estimated to be 7%.

3.2. Optimisation of COz photocatalytic reduction

3.2.1. Design of experiments

The experimental outputs of the DOE (Table 4) was analysed using
Minitab software to elucidate the influence of each parameter on the
production of CO, CH4 and Hj. Pareto charts and main effects plots
(Fig. 6, S5 and S6) were utilized for data visualisation and inference.
Pareto charts provide insight into the magnitude of each operating
condition’s impact on the cumulative production of the products. With a
confidence level of 95%, the Pareto charts indicate the statistical sig-
nificance of each parameter (i.e., p-value < a = 0.05) [65].

Pareto charts revealed that the presence of H,O in the system
exhibited significant influence on the cumulative CO production (p
value = 0.001, Fig. 6a), followed by irradiance and CO5 flow (p value =
0.005 and 0.02). The main effects plots (Fig. S5) revealed that increasing
the H0 (bubbler) temperature and irradiance lead to an increase in the
mean of CO production, whereas higher CO production is observed at
low CO;, flowrates. Equation 15 represents the model for the statistically
significant terms. Conversely, the individual parameters did not
demonstrate any statistical significance for CH4 and Hy production
(Fig. 6b and c). Further analysis (Fig. S6) highlighted that CH4 pro-
duction was significantly affected by the combination of CO, flow and
H,0 temperature, as well as their interaction with irradiance (p values =
0.001).

Cumulative production of CO (pmol g;alt = —138.5 to 122.3 CO,
Flow (mL min~') + 5.91 Ho0O Temperature (°C) + 0.869 Irradiance
(mWem2) - 39.32 (15).

When the irradiance in this study increased from 75 to
175 mW cm ™2, the overall cumulative CO production was increased and
the highest CO production (119.6 pmol g~!) was achieved when the
CO5:H,0 was 9 under 125 mW cm 2 of irradiance, 0.09 mL min~! of
CO-, flow at 25 °C of bubbler temperature. However, the CH4 production
showed a different trend compared to that of Hy and CO production
when the irradiance increased to 125 mW cm 2 (Fig. 7a). A better
product selectivity was observed when the CO2:H20 achieved 30 (301.5
pmol g ! with 0.35 mL min~! of CO5 and 35 °C of bubbler temperature).
Although the overall yield obtained under the high value parameters
(125 mW em~2 of irradiance, 0.35 mL min~' CO, flow and 35°C
bubbler temperature, Table 4), the practical operation challenges
encountered, including the control of high (>30 °C) bubbler tempera-
ture, lead to system flooding. As a result, the parameters that yielded
higher CO were selected as the optimised parameters (ie.,
125 mW cm ™2, CO5 flow: 0.09 mL min~!, bubbler temperature: 25 °C).
Notably, compared to the baseline conditions (i.e., 100 mW cm’z, CO,

Details of the experimental design parameters and cumulative production (4 h) of products from CO, photoreduction reduction using CuO/BaTiO3 photocatalyst.

Irradiance CO, Flow H,0 Temperature CO,/H,0 CO Cumulative CH,4 Cumulative H, Cumulative
(mWem—2) (mLmin~?") (Bubbler T °C) Production (pmol g %) Production (pmol g %) Production (pmol g %)
75 0.09 25 Low (9.6) 46.3 11.4 1.7

75 0.35 25 High (38.9) 38.9 16.6 1.9

75 0.09 35 Low (6.8) 119.9 92.4 5.2

75 0.35 35 High (30.1) 103.6 99.0 3.1

125 0.09 25 Low (9.5) 119.6 164.0 5.4

125 0.35 25 High (39.3) 72.5 39.1 1.1

125 0.09 35 Low (8.0) 173.4 64.5 4.6

125 0.35 35 High (30.5) 117.0 301.5 75.9

100 0.22 30 Medium (20.2) 64.1 10.6 3.2

100 0.22 30 Medium (19.4) 48.6 18.1 3.0

100 0.22 30 Medium (19.1) 66.1 18.0 3.6
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Fig. 6. Pareto charts of the operating conditions vs cumulative production of (a) CO, (b) CH4 and (c) Ha.

—
LY
—

400

— 75mW cm2
---125 mW cm2

350
300
250 -
200
150 +
100

50

Cumulative Production (umol 9;:1at)

—
(=2
—

800

L_Jco

600 EcHs

700 +
600
500 +
400 -
300 +
200
100

Cumulative Production (umol 9;:1at)

BaTiO3 CuO/BaTiO3 CuO/P25 CuO/ZnO

Material
H
(c) 12 O oo G 2 —=—Cycle1
~a—Cycle 2
~=—Cycle 3
£1.00 0.02
"
8
o 0.04 -
©0.75
£
2
]
G 0.50 - 0.01 -
> 0.02 -
-
o
3
'80.25-
1
£ /’
0.00 4 0.00 4 0.00
—TTT ——TT —T T
o1 2 3 1 2 3 0o 1 2 3

Time (hr)

Fig. 7. (a) CO,/H,0 ratio against cumulative production for CO, CH4 and H, when 75 (solid line) or 125 mW cm 2 (dash line) of light source was applied. (b)
Cumulative products obtained from different photocatalysts under the optimised conditions (125 mW cm ™2, 0.09 mL min~! of CO, flow and 25 °C bubbler tem-

perature). (¢) CuO/BaTiOg catalyst cyclability test.

flow: 0.22 mL min’l, bubbler temperature: 30 °C), the CO and CHy4
productions under the optimized conditions were increased by 2 and 10-
folds, respectively.

3.2.2. Evaluation of photocatalysts

The performance of the fabricated photocatalyst, namely BaTiOs,
CuO/BaTiO3, CuO/P25 and CuO/ZnO, under the optimised reaction
conditions were revealed (Fig. 7b). Overall, all the 4 samples showed
insignificant production of Hy. Among the samples, CuO/P25 showed

the highest production of CHy4 (i.e., 600 pmol gEalgalyst), followed by CuO/
BaTiOs (i.e., 125 umol g;,ltalyst), which exhibited the highest CH4 and CO
production in the literature (Table S1); whereas BaTiO3 and CuO/ZnO
produced trace amount of CH4. CuO/BaTiO3 exhibited the highest
production of CO (i.e., 116 umol gc_altalyst), followed by CuO/P25 (ie.,
94 umol gEal;a1yst) and BaTiOs3 (ie., 66 pumol g{altalyst). CuO/BaTiO3
showed a higher product selectivity towards CO, whereas CuO/P25
showed higher tendency to produce CHy4 although they are tested under
similar conditions. A recent study revealed that the concentration of
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photogenerated carriers available for the CO; activation and subsequent
reduction, and water oxidation played a crucial role in determining
product selectivity [13]. Hence, it is postulated that the CuO/P25, which
showed homogeneous CuO dispersion as shown in Fig. 4c, could provide
sufficient photogenerated carriers for CH4 formation. Meanwhile, the
clustered-CuO observed on CuO/BaTiO3 sample showed less efficient
photogenerated carriers compared to CuO/P25, leading to higher CO
formation. Notably, the CO production rate of CuO/BaTiO3 remained
constant after the extended period up to 8 h; whereas CuO/P25 revealed
a significant decay in the production after 4 h (Fig. S7).

The quantum yields (¢co and @cys4 from 240 to 400 nm) of the
fabricated sample, which are active mainly in the UV region (Fig. S1),
were summarised in Table S3. The @co and ¢cp4 of CuO/BaTiOg (0.093
and 0.100, respectively) were higher compared to pristine BaTiOs
(0.035 and 0.002, respectively). This result indicated that the incorpo-
ration of CuO as a co-catalyst effectively enhances the overall photo-
activity of the system, leading to increased CO and CH4 production.
However, the overall production from CuO/BaTiO3 was inferior
compared to CuO/P25 (¢cu4 of 0.472) probably due to the presence of
amorphous phase in BaTiOs. Furthermore, the substantial increase in
¢cu4 further supports the notion that the co-catalyst CuO has a pro-
nounced effect on enhancing the selectivity towards CH4. The enhanced
performance of CuO/P25 was unexpected according to the chro-
noamperometry (Fig. S2) and surface area analysis (Table S4), in which
CuO/BaTiO3 exhibited higher photo-to-current and surface area as
compared to CuO/P25. Hence, we postulated that the superior CO5
photoreduction performance was attributed to the more evenly distri-
bution of Cu on P25 surface as evidenced in the EDX mapping (Fig. 4c)
and XPS analysis (Table 4) that could have taken part into an enhanced
photoactivity of CuO/P25 with respect to CuO/BaTiO3. Furthermore,
the @cp4 of CuO impregnated P25 exhibited much higher than pristine

(a) Top view of reactor

Catalyst Support

(c)  Velocity magnitude (m/s)

Outlet

Journal of CO2 Utilization 75 (2023) 102568
P25 (i.e., 0.026) [66] that were tested under similar conditions.

3.2.3. Cyclability tests

Cyclability tests were conducted on CuO/BaTiO3 photocatalyst in
three cycles under the optimised reaction conditions for 3 h (Fig. 7c).
Throughout the cycles, the CO production exhibited a gradual decrease,
indicating a decline in the desired catalytic activity. In contrast, CHy
production remained relatively constant during the first two cycles.
Interestingly, Hy production slightly increased in the third cycle, which
is attributed to the progressive occupation of H,O molecules on the
catalyst surface supporting the hydrogen evolution competitive reac-
tion. Additionally, a noticeable colour change from grey to purple of the
photocatalyst was observed, suggesting the reduction of Cu?* to Cu*. To
investigate possible alterations in the photocatalyst, XRD of the sample
before and after the reaction was performed (Fig. S8). A weak intensity
peak indexed to BaCOs was observed in the pre-reaction and post-
reaction samples after deposition onto the glass microfibre disk. This
contamination was deemed due to the high Ba content within CuO/
BaTiOj3 as evidenced in XPS (Fig. S3) which increased the tendency of
the material to form BaCOs upon exposure to the thermal treatment
prior CO, photoreduction testing. The formation of BaCOs could
possibly be detrimental to the CO5 photoreduction capability, thus, the
yield obtained from CuO/BaTiO3 was lower than CuO/P25.

3.3. Simulation

A steady-state simulation of the reactor was performed to model the
photocatalyst activation period (1.2 — 4 + 0.5 h) under the optimised
reaction conditions. Applying ideal gas laws, a COy flow of
0.09 mL min~! results in a CO,, partial pressure was 25.17 kPa, whilst at
a Hy0 temperature of 25 °C corresponded to a HyO partial pressure of

(b) Bottom view of reactor

/'/ B

Inlet

> Outlet

(d) Bulk concentration of CO (mol/m3)

Fig. 8. The (a) top and (b) bottom views of the reactor showing the locations of the photocatalyst, gas inlet and outlet. 2D plots of (c) the gas velocity distribution
profile and (d) the bulk concentration of CO during the reaction (using CuO/BaTiO3 photocatalyst).
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3.1 kPa. The apparent rate constants for the pseudo-first-order reactions
(5) - (7) are presented in Table S5. The simulation model accurately
depicted the reactor dimensions under operation (Fig. 8a and b),
ensuring the glass fibre disk was positioned above the outlet to increase
the residence time and promote inlet gas distribution across the pho-
tocatalyst surface. The simulation demonstrates a homogenous gas dis-
tribution with gas velocities ranging between 1 and 45 x 10~ ms™!
within the reactor (Fig. 8c). The bulk concentration of CO increased
along the direction of flow (Fig. 8d), indicating effective mass transfer in
the thin-film reactor design.

Parametric sweep simulations were conducted on all the samples to
access the impact of irradiance, total gas flowrate, and H,O and COy
partial pressures beyond experimental limitations, on the CO5 utilisation
rate (Fig. 9). The simulation results closely matched the experimental
data under the optimised reaction conditions with a confidence level of
15.00 + 5.00%. Among the samples, CuO/P25 exhibited the highest
product yield and CO, utilisation rate. A linear relationship was
observed between the CO, utilisation rate and the irradiance on the
reaction surface, in line with the Beer-Lambert law, which states that the
product concentration has a linear relationship with photon absorbance.
Conversely, increasing the total gas flowrate resulted in an asymptotic
decrease in utilisation rate due to the reduced contact time between the
catalyst and reactants.

Increasing the partial pressure of CO; initailly resulted in a rise in
utilisation rate until a pressure of approximately 25 kPa, beyond which
most active sites were occupied, leading to a plateau. This phenomenon
was witnessed in the DOE experiments, in which an increase in the COy/
H20 ratio (from 8.1 to 31.7) significantly increased CH4 production
under high irradiance conditions (125 mW cm™2). On the other hand,

(a)
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raising the partial pressure of HoO decreases the utilisation rate due to
increased competition of the active sites between the Hy evolution and
CO, reduction reactions [30]. The simulation model indicates that
having no HO in the reactor resulted in higher utilisation rates, but
Dilla et al. demonstrated that the product formation decayed with time
without the presense of HoO [67]. This is because water is essential in
CO, photoreduction as it influences the surface reactions involving H*
or Hy and stabilises the electron-hole recombination [68,69]. Thus,
maintaining a balanced concentration of HyO in the reactor is necessary
to minimise competition between CO5 and H,O for the photogenerated
holes.

Comparing the simulation results with the experimental data
confirmed that the simulation successfully determined the optimised
reaction conditions. The simplicity of the model, which considered only
the initial catalyst activation period and derived rate constants from
experimental data, likely contributed to its effectiveness. Further vali-
dation of the model using different photocatalysts is required to assess
its reusability and robustness. Once validated, the model can be
employed to compare the performance of modified photocatalysts,
predict optimized reaction conditions, and further analyze reactor
design aspects such as geometry and dimensions for larger-scale
applications.

4. Conclusion

In this study, the application of CuO/BaTiO3 for CO, photoreduction
was investigated and compared to pristine BaTiO3 and CuO impregnated
on commercially available TiO2 (Degussa P25) and ZnO. Among the
catalyst samples tested, CuO/P25 exhibited the highest production of
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CH4 (ie., 600 umol gEaltalyst), while CuO/BaTiO3 showed the highest
production of CO (ie., 116 umol gc_altalyst). The addition CuO as a co-
catalyst (CuO/BaTiOs, @cus4: 0.1) significantly improved the product
selectivity towards CH4 as evidenced by the higher quantum yield
compared to pristine BaTiO3 (@cu4: 0.002).

The systematic investigation of the process parameters, i.e., irradi-
ance, CO; and H,O flow and partial pressure, and CO5/H0 ratio, on the
product yield and selectivity were examined using DOE and CFD. The
optimised reaction conditions determined from the experimental results
were 125 mW cm ™2, 0.09 mL min~' of COs, and 25 °C bubbler tem-
perature. Compared to baseline conditions, the optimised condition
gave a 2 and 10-fold increase in CO and CH4 production, respectively.
The results also indicated that a high CO2:H50 (30) and high irradiance
condition (125 mW cm_z) significantly favoured CH4 production, whilst
a low ratio (6) favoured CO production. Moreover, increasing the
pressure of CO» led to an increase in the CO; utilisation rate up to an
optimum while, increasing the partial pressure of HyO showed the
reverse effect.
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