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A CuO/TiO, hybrid heterostructure was successfully engineered from
copper metal—organic frameworks (MOFs) using a two-step process
involving solvothermal synthesis and calcination. By precisely controlling
the CuO loading, this synergistic composite exhibited exceptional per-
formance in photocatalytic CO, reduction. Notably, Al-assisted contin-
uous flow experimentation achieved a record-breaking methanol
production rate of 2.3 mol g~ h™* without the need for sacrificial agents.

The increasing global demand for fossil fuels is depleting finite
resources and increasing CO, emissions as a major driver of
climate change. This rise in atmospheric CO, has inspired the
development of technologies to capture, store, and convert CO,
into value-added chemicals like methanol.'™ Several methods
such as electrochemical, thermochemical, and photochemical
approaches were reported for CO, conversion. Photocatalytic
reduction of CO, with affordable and abundant semiconductors
like TiO,,® Zr0,,* ZnO,” and CdS®® are employed with TiO, being
the most researched. Conventional TiO, catalysts have low photo-
catalytic efficiency due to limited visible light absorption and fast
charge recombination,'® leading researchers to enhance their
effectiveness through methods like metal cluster introduction,
single-atom incorporation, and MOF-templated synthesis. Metal-
organic frameworks (MOFs) act as versatile templates for high-
performance multicomponent catalysts, with nanoscale pores and
customizable linkers."" Calcination transforms MOFs into meso-
porous structures with open diffusion pathways boosting catalytic
potential.”® In this study, a heterojunction was formed by
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combining a metal oxide with TiO, effectively reducing photogen-
erated electron-hole recombination. Copper MOF (CuBTC) was
used as a CuO source and the resulting MOF-derived CuO inte-
grated with TiO, (MCT), significantly increased surface area and
reaction sites. The CuO/TiO, heterojunction efficiently inhibited
electron-hole recombination, enhancing photocatalytic activity
through rapid charge separation, migration, and effective surface
reactions. The CuO/TiO, architecture showed excellent photocataly-
tic performance for CO,to-methanol conversion under visible light
with experimental results confirming strong synergy that signifi-
cantly enhanced methanol production efficiency.

The photochemical conversion of carbon dioxide to metha-
nol has attracted significant interest due to its wide-ranging
applications in the chemical, energy, and electronics sectors."?
Despite its potential, most current photochemical catalytic meth-
ods rely on batch processes,'**> which face critical challenges.
These include limited control over essential parameters such as
temperature, pressure, light intensity, residence time, quantum
efficiency, and surface-to-volume ratio etc. As a result, batch
processes often lead to inefficiencies, higher costs, and inconsis-
tent product quality, rendering them non-viable for large-scale
applications. In contrast, artificial intelligence (AI)-controlled con-
tinuous flow chemistry offers a breakthrough solution to these
limitations.'®>* By automating the screening and optimization of
reaction parameters, Al-driven systems can determine the ideal recipe
for methanol production, enhancing scalability, efficiency, and pro-
duct quality.® This advanced approach allows for real-time adjust-
ments to key variables, ensuring precision and consistency that batch
processes cannot achieve. However, a significant challenge remains:
the lack of an Al-controlled continuous flow photochemical system for
methanol generation. This gap presents an exciting opportunity for
innovation. Our research group is eager to take on this challenge by
developing a continuous flow setup guided by Bayesian optimization.
This system will autonomously optimize reaction parameters to
maximize methanol yield and process efficiency, providing a
cutting-edge solution for sustainable and economically viable metha-
nol production.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic synthesis of the MCT-X composites, (b) XRD patterns
and (c) FTIR of the as-synthesised photocatalysts.

To keep all these things in our mind we have started to
develop the synthesis protocols for CuBTC, MOF-derived CuO/
TiO, (MCT) and TiO, catalysts (details in the ESI{). Mesoporous
CuO/TiO, catalysts were obtained via calcination at 450 °C in
nitrogen, as shown in Fig. 1a. The XRD patterns of the as
synthesised CuBTC (Fig. S1, ESIt), TiO, and MCT-X (where
X =10, 50, 100, and 200 mg of CuBTC) corresponding to MCT-
10, MCT-50, MCT-100, and MCT-200 are shown in Fig. 1b. The
main diffraction peaks align well with anatase TiO, (JCPDS no. 21-
1272). No additional peaks for CuO, Cu,O, or metallic Cu are
observed, suggesting that CuO is highly dispersed on the TiO,
surface, forming very small heterojunctions that do not signifi-
cantly alter the TiO, crystal structure.** The FTIR spectra of TiO,
and MCT-X nanoparticles show characteristic Ti-O-Ti bands (500-
1000 cm ') and peaks for adsorbed water and hydroxyl groups
(3435 cm ™', 1632 cm '), as shown in Fig. 1c. With increasing CuO
concentration, the peak intensities rise without new peaks emerg-
ing indicating CuO/TiO, interfacial bonding. These results corro-
borate XRD findings. The copper content in the MCT-X composites
is found by ICP-MS (Table S1, ESI{).>® XPS spectra were recorded to
analyse the chemical structures and compositions of the synthe-
sized catalysts. The survey spectra of TiO, and MCT-100 (Fig. S2a,
ESIt) confirm the presence of Ti and O elements in TiO,, and Ti,
O, and Cu elements in MCT-100. The C 1s peak at 284.6 eV is
attributed to residual carbon from the XPS instrument. The O 1s
spectra of TiO, and MCT-100 (Fig. S2b, ESIt) were deconvoluted
into three components: lattice oxygen (529.58-529.76 eV), surface
hydroxyl groups (529.98-530.14 €V), and adsorbed water (531.26-
531.73 eV). Hydroxyl groups can form active radicals, enhancing
photocatalytic activity. MCT-100 showed a slight O 1s peak shift to
higher binding energies, indicating reduced electronic density.>®
The Ti 2p XPS spectra in TiO, (Fig. S2c, ESIT) show peaks at
458.43 eV (2psp) and 464.19 eV (2py,,), with 5.82 eV indicative of
the Ti*" oxidation state. In MCT-100 catalysts, these peaks shift
slightly to 458.72 eV and 464.54 eV, respectively. These shifts
suggest distinct TiO, entities and variation in the electronic state
of Ti within Ti-O bonds. The absence of additional peaks in MCT-
100 spectra implies CuO incorporation without TiO, lattice dis-
ruption, supporting electron transport at the CuO/TiO, hetero-
junction.”” Cu 2p XPS spectra (Fig. S2d, ESIt) of MCT-100 revealed
two characteristic peaks at binding energies of 952 eV (2p,,) and
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932 eV (2ps,), with a separation of 20 eV and the shake-up satellite
peak at 942.8 eV is indicative of the presence of predominant Cu®*
species. The EPR results are given in Fig. S3, ESLT

The photocatalytic activities of the designed samples were
examined for CO, reduction experiments under visible light
using a 420 W Xe lamp in DMF (7 mL) + water (1 mL) solution.
The results depicted in Fig. 2a showcase the methanol rates from
TiO, and various MCT-X composites. The TiO, demonstrated a
methanol production rate of 64 pmol g ' h™". In contrast, the
MOF-templated composites (MCT-X) exhibited substantially
enhanced methanol generation. We observed that methanol
production increased in relationship with higher CuO content
obtained from MOF. The optimal performance was achieved with
MCT-100, where 100 mg of CuBTC was used resulting in a
methanol rate of 842 pmol g * h™" over a 4 hour period. The
quantum efficiency of the MCT-100 reaches 8.35% at 420 +
20 nm wavelength. The further increasing of the CuBTC content
in the MOF templated TiO, (MCT-200) decreases the methanol
production activity. This might be the result of an excess of CuO
covering the active sites on the TiO, surface and shielding the
incident light from causing an electron transition. The absence of
methanol in the dark indicates that the reaction is light-induced.
Table S2 (ESIf) illustrates the comparison of the methanol
production activity of the as-synthesized photocatalysts in the
present work. The catalyst recycling experiments over four cycles
are shown in Fig. S4, ESL{

To evaluate how Al-enhanced flow chemistry improves metha-
nol production, we conducted experiments after connecting all
neural network and flow setups. We employed a closed-loop
Bayesian optimization (BO) approach to investigate the effects of
light intensity and residence time on reaction efficiency.

Our process involved using deionized water and hydrogen gas
controlled by syringes and a mass flow controller, with parameters
set via python code (detail in the ESIt) (Fig. 2b). The solution

>

s O 2@
£ 2 g
g 28 8
g
5
3
8
R
8
&

N
S
S

o

Fraction
collector

>

MeOH production rate (umolg“h"_]

TiO, MCT-10 MCT-50 MCT-100 MCT-200
Photocatalyst

() weor - |(d) 25 23

[ nd
°

ey
0

°

I
MeOH (molg™'h™')
&

©

W B o

F e

1.35E-4 6.27E-4 8.42E-4
001 Q@ o g

Ref7 Ref10 Ref17 batch Al

Fig. 2 (a) Methanol production rates of photocatalysts in batch mode,
(b) schematic representation of the flow setup connected with Al, (c) the Al
based system to auto-optimize and navigate this complexity and identify
the optimal conditions for the photo activated methanol production, and
(d) 2D graph comparing methanol production in batch and flow processes
with the reference in the ESI.¥
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mixing at a Tjunction, and the gas-water mixture flowed through
a PFA tubular reactor exposed to varying LED light wattages. Over
22 experiments in one day, the BO algorithm first explored the
reaction conditions and then optimized them sequentially to
maximize the yield. The optimized conditions for methanol pro-
duction involved a deionized water flow rate of 0.26 mL min %, a
carbon dioxide flow rate of 22 mL min~", exposure to a 64 + 2 W
LED light, a residence time of 2.7 s, and a pressure of 10 bar.
Under these optimized conditions, we achieved an unprecedented
methanol production rate of 2.3 mol g~ ' h™* (Fig. 2c). Notably, this
rate surpasses those reported for batch processes by a remarkable
factor of 2 to 100 times, highlighting the superior efficiency of our
approach (Fig. 2d).

In our photocatalytic experiments, MOF-derived CuO/TiO,
catalysts consistently demonstrated superior performance in
methanol production compared to TiO, alone. To further inves-
tigate the structural effects of this integration, we analysed the
UV-vis diffuse reflectance spectra (DRS) of the samples (Fig. 3a).
The TiO, nanoparticles showed a prominent absorption band
below 400 nm, indicating a 3.25 eV band gap. The Tauc plots of
TiO,, MOF-CuO and MCT-100 are given in Fig. S5 (ESIt). Intro-
ducing CuO nanoparticles in TiO, altered the absorption spec-
trum, adding a new peak in the 400-800 nm range. Increasing
copper loadings shifted this peak to longer wavelengths, with the
band between 600 and 800 nm attributed to Cu®" d-d transitions.
This optical absorption confirms the presence of CuO in the
MCT-X composites.** Photoluminescence (PL) studies were con-
ducted to investigate the light-induced charge separation and
transport efficiency in TiO, and MCT-X (CuO/TiO,) heterojunc-
tions, which are critical for photocatalytic performance (Fig. 3b).
PL emission spectra excited at 380 nm revealed a peak at
~480 nm. In these studies, lower PL intensity suggests reduced
electron-hole recombination, which enhances photocatalytic
activity. The TiO, exhibited high PL intensity suggesting rapid
charge recombination. However, CuO modification of TiO,
resulted in decreased PL intensity, indicating improved charge
separation at the CuO/TiO, interface.”® The average PL lifetime of
MCT-100 is 1.11 ns, which is 0.9 ns shorter than that of the TiO,
counterpart (1.2 ns), as shown in Fig. 3c. The fluorescence
quenching and the reduced exciton lifetime in MCT-100

(b) —MCT-200 o Tiog(Prompt)

AEX=380 nm . TiOg(Fity

o Tiog(decay)
MCT-100(Fit)

o MCT-100(decay)

G

©
0

3

X 1
300 400 500 600 700 800 440 460 480 500 520

600 800 1000 1200 1400
Wavelength (nm) i

Wavelength (nm) Time (ns)

3

1oof(d) R R ——McT-100 (e)
1000 .az{ ' E e Tiop 500t
oA N N iz
— 2000 Hz®  °
S c 2 >

EpmosTev

(¢
3
g
1/Cs2*109 cm4F-2
AN s Mo N ®
%,
1/Cs2*109 cm4F-2
v a2 o

200 400 600 800 1000 1200 -1.0 05 0.0 05 1.0 -0.5 0.0 .5 1.0
Z'(ohm) Potential (V vs SCE) Potential (V vs SCE)
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Mott-Schottky plots of (e) MOF-CuO and (f) TiO,.
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indicated a significantly faster charge transfer and higher charge
separation rate in CuO/TiO, than those of TiO,.2®

To explore the interfacial transfer and separation of photon-
generated charge carriers in the photocatalysts, we carried out
photoelectrochemical (PEC) property tests on TiO, and MCT-100.
The Nyquist plot (Fig. 3d) reveal a larger arc radius for TiO,
compared to MCT-100. Generally, a smaller arc in the Nyquist plot
indicates lower interfacial charge transfer resistance, promoting
better charge carrier transfer and enhancing photocatalytic activity.
This suggests that MCT-100 is a more efficient electron-conducting
catalyst than TiO,.*° Linear sweep voltammetry (LSV) studies
(Fig. S6a, ESIT) reveal that MCT-100 shows the fastest increase in
current density, owing to its low overpotential. This reduced over-
potential facilitates rapid photogenerated charge transfer in TiO,,
confirming the excellent CO, reduction activity of MCT-100.*° The
flat band potentials (Egg) of MOF-derived CuO and TiO, were
estimated using Mott-Schottky plots (Fig. 3e and f) to examine
the band alignments of the catalysts. Both materials exhibited
characteristics of n-type semiconductors, with CuO and TiO,
showing Egg values of —0.56 V and —0.67 V vs. SCE, respectively.
By using formula Eyxyg = Escg + 0.241 and assuming that the
conduction band (Ecg) is ~0.2 negative to the Epg in n-type
semiconductors,®® the Ecg values were calculated as —0.51 V
(CuO) and —0.62 V (TiO,) vs. NHE.?® Combining these results with
UV-DRS data and the relationship Ecg = Evg — Eg, the valence band
potentials (Eyg) were determined to be 1.31 V (CuO) and 2.62 V (TiO,)
vs. NHE. The more negative Ecg of TiO, compared to MOF-CuO
indicates that photogenerated electrons can move from TiO, to CuO,
promoting the separation of photogenerated electron-hole pairs.
Photocurrent response analysis of TiO, and MCT-100 (Fig. S6b, ESI)
under periodic visible light illumination reveals enhanced charge
carrier dynamics in the CuO/TiO, composite. MCT-100 exhibits higher
photocurrent density than pristine TiO,, attributed to efficient electron
transfer from TiO, to CuO.*>* This PEC data confirms the formation
of effective CuO/TiO, heterojunctions, enhancing photocatalytic per-
formance in CO, reduction. The HRTEM (Fig. S7, ESIt) and BET
(Fig. S8, ESIY) results are discussed in the ESL

Based on the band alignments derived from Tauc plots
(Fig. S5, ESIT) and Mott-Schottky plots (Fig. 3e and f), a plausible
mechanism for the photocatalytic reduction of CO, to methanol
over the CuO/TiO, heterostructure can be proposed, as illustrated
in Fig. 4. The conduction band (CB) of TiO, is positioned at a
more negative potential relative to the CB of CuO, while the
valence band (VB) of TiO, is at a more positive potential than
the VB of CuO, forming a type-I heterojunction. Under light
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Fig. 4 Plausible mechanism for photocatalytic conversion of CO, to
methanol through CuO/TiO,.
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irradiation, both CuO and TiO, generate photogenerated elec-
tron-hole pairs. The electrons in the CB of TiO, are transferred to
the CB of CuO, while the holes in the VB of TiO, migrate to the VB
of CuO. The accumulated electrons in the CB of CuO act as
reducing agents, participating in the multi-step reduction of
adsorbed CO, molecules to methanol at catalytic sites on the
CuO surface. Simultaneously, the holes concentrated in the VB of
CuO facilitate the oxidation of water molecules, generating H"
ions essential for the CO, reduction process. The formation of the
type-I heterojunction effectively suppresses the recombination of
photogenerated electrons and holes, promoting efficient charge
separation and migration, thus enhancing the surface redox
reactions that favour the photocatalytic reduction of CO, to
methanol.

In summary, a noble metal-free, MOF-derived CuO/TiO,
photocatalyst efficiently reduced CO, to methanol under visible
light. Homogeneous dispersion of CuO in the hetero-
junction photocatalyst enhanced the photoreduction activity
compared to TiO,. The optimal composition, MCT-100,
achieved the highest rate of 842 umol ¢~ * h™" in batch mode
and 2.3 mol g ' h™" in a self-designed automated flow reactor
under a fully light-driven process.
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