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Metal-Organic Framework (MOF)-derived TiO,, synthesised through the calcination of MIL-125-NH,, is
investigated for its potential as a CO, photoreduction catalyst. The effect of the reaction parameters:
irradiance, temperature and partial pressure of water was investigated. Using a two-level design of
experiments, we were able to evaluate the influence of each parameter and their potential interactions
on the reaction products, specifically the production of CO and CH4. It was found that, for the explored
range, the only statistically significant parameter is temperature, with an increase in temperature being
correlated to enhanced production of both CO and CH,4. Over the range of experimental settings
explored, the MOF-derived TiO, displays high selectivity towards CO (98%), with only a small amount of
CH, (2%) being produced. This is notable when compared to other state-of-the-art TiO, based CO,
photoreduction catalysts, which often showcase lower selectivity. The MOF-derived TiO, was found to
have a peak production rate of 8.9 x 10™* umol cm™2 h™ (2.6 pmol g™t h™}) and 2.6 x 107> pmol cm™2
h™! (0.10 pmol g~ h™!) for CO and CHy, respectively. A comparison is made to commercial TiO,, P25
(Degussa), which was shown to have a similar activity towards CO production, 3.4 x 10~ pmol cm™2 h™*
(5.9 pmol g~* h™Y), but a lower selectivity preference for CO (3:1 CH,4: CO) than the MOF-derived TiO,
material developed here. This paper showcases the potential for MIL-125-NH, derived TiO, to be further
developed as a highly selective CO, photoreduction catalyst for CO production.
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Sustainability spotlight statement

Historically, most of our daily chemicals have been synthesised from syngas (CO & H,) via the Fischer-Tropsch process. Fossil fuels are the main carbon-based
feedstocks in the process, making them responsible for a large amount of the GHG emissions from the chemical sector. Alternative renewable and sustainable
sources of CO and H, would allow for the development of fossil fuel-free and carbon neutral chemicals and products without replacing existing infrastructure.
This work investigates the potential of a MOF-derived TiO, photocatalyst for CO, photoreduction that is selective for CO production. This reaction utilises light,
water and CO, and offers a sustainable route to CO production. Hence, this work aligns with several UN SDGs, namely, 7, 12, and 13.

Introduction

The increased pressure on governments and industries to
commit to sustainable energy and production practices has
generated a lot of interest in technologies that can address
greenhouse gas emission reduction targets." Carbon Capture
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Utilisation and Storage (CCUS) is one of those technologies,
where the utilisation of CO, has the potential double benefit of
not only reducing greenhouse gas emissions but also providing
a financial incentive to do so through the production of
commodity chemicals.>® Many different approaches have been
trialed in order to convert CO, to fuels or other value-added
products, including catalytic, electrocatalytic, photocatalytic
and photoelectrocatalytic reactions.”*® In each of these cases,
the high stability of the C=0 bond (AG°® = —394.36 k] mol )

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and linear geometry of CO, poses a thermodynamic challenge,
which needs to be overcome before it can be transformed to
valuable compounds. Photocatalytic processes offer a low cost
and carbon neutral pathway to overcoming these challenges, as
sunlight will be the primary energy source to convert CO, into
fuels or other high-value hydrocarbons. Of note is the conver-
sion of CO, to form methane and carbon monoxide, as the
former can feed into already established energy systems and the
latter can act as a sustainable C1 building block for several
products derived from Fischer-Tropsch processes, when part-
nered with a sustainable source of hydrogen.

The success of any photocatalytic reaction relies on the
efficiency of the photocatalysts available. There are three critical
steps that govern the efficiency of a photocatalyst; (1) light
absorption to generate charge carriers (electrons (e”) and holes
(h"), (2) charge separation and migration of charges to the
active sites, and (3) the redox reaction itself."”*®* Each of these
steps is heavily influenced by the physical and electronic
properties of the photocatalyst, with improvements made in any
of the steps being impactful on the overall performance.* There
are a number of materials that have been used as photocatalysts
for CO, photoreduction e.g., semiconductors, Metal-Organic
Frameworks (MOFs), and organometallic complexes.'®?® Semi-
conductors are the most prominent class of photocatalysts, with
TiO, being the most studied of these due to its high photo-
stability, low cost, high natural abundance and low toxicity.””
Since its first demonstrated use, in water splitting by Fujishima
and Honda in 1972, TiO, has been studied extensively and has
found success as a catalyst for CO, photoreduction.””** The
latest state of the art TiO, based photocatalysts focus on mini-
mising the charge recombination to maximise their efficiency,
and there are a number of strategies that are employed to
achieve this.***** One such method is to use the pores of a MOF
as a chamber to grow TiO, particles.** This allowed for synergy
between the light absorbing/electron generating TiO, and the
catalytic metal clusters of the MOF to enhance CO, reduction.**
Noble metal co-catalysts are commonly introduced as a method
to enhance light absorption as well as reducing electron-hole
recombination.®?*® Another method, described in Angulo-
Ibanez et al.'s work involves the synthesis of a TiO, based metal-
organic aerogel which results in a highly active photocatalyst for
methanol production.’” These methods focus on improving
light conversion to charge carriers and prioritise facilitating the
photoreduction reaction. Great improvements have been made
in these areas, however, the lack of selectivity in the products
produced is still a challenge that has yet to be overcome.

Previous work by Kampouri et al. prepared mixed-phase TiO,
nanoparticles through calcination of a MOF, MIL-125-NH,, and
showcased enhanced activity for hydrogen production via
photocatalytic water splitting.*® The MOF structure acted as
a sacrificial template to form rectangular parallelepipeds
particles of TiO, as the organic components were burned away.
Through strict control of the calcination temperature they were
able to alter the ratio of anatase and rutile in the resultant TiO,
nanoparticles. Subsequent study of the MOF-derived TiO, for
photocatalytic hydrogen generation was promising with the
material exhibiting high H, production rates outperforming

© 2023 The Author(s). Published by the Royal Society of Chemistry
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P25 (Degussa) — a common commercial TiO, benchmark. They
attribute the excellent performance of the MOF-derived TiO, the
formation of longer lived charge carriers due to reduced elec-
tron-hole recombination afforded by charge transfer between
the anatase and rutile phases in the TiO, nanoparticles within
the MOF-templated crystals. Given the reduced electron-hole
recombination and enhanced activity, compared to P25
(Degussa), this material looks to be well suited to catalysing CO,
photoreduction. As such, this work examines the potential of
this material as a photocatalyst for CO, reduction, exploring the
impact of temperature, irradiance, and partial pressure of water
(Pr,0) on CO, conversion.

Experimental
Photocatalyst preparation

The MOF derived TiO, was synthesised according to work of
Kampouri et al., the details can be found in the ESIf along with
the characterisation used to confirm its successful synthesis
(SF. 11).*®

Once acquired, the MOF-derived TiO, was loaded onto
a glass fiber disc support using the following protocol:
approximately 10 mg of the photocatalyst was added to 1 mL of
ultrapure water in a 10 mL glass sample vial. The suspension
was then agitated in an ultrasonic bath for 3 minutes and the
resultant slurry was applied to a 47 mm glass fiber disc
(Whatman) by drip coating before drying in an oven at 120 °C
for two hours. The same protocol was followed using
a commercial P25 photocatalyst, which was used for bench-
marking purposes.

Photoreduction test

The photoreduction of CO, was investigated in a purpose-built
gas phase system (Fig. 1) using water as the reducing reagent,
used previously by our group.***° The photocatalyst coated glass
fibre disc was placed in the middle of the photoreactor and, to
eliminate residual air contamination, the system was evacuated
via three swing purge-vacuum steps placing the system under
vacuum and then purging with CO, (99.995%). The flow rate of
CO, was set to 0.35 mL min~" and was passed through the
temperature controlled (+0.1 °C) aluminium body saturator for
at least 16 h to allow the system to equilibrate. To record the
partial pressure of H,O, relative humidity (+1.8% RH) was
measured using an inline Sensirion SHT75 humidity sensor
placed (MG Chemicals 832HD) into a Swagelok 1/4” T-piece. The
photoreactor was heated using a hotplate and after at least 16 h
equilibration, the surface temperature of the coated photo-
catalyst was measured using a Radley's pyrometer (+2.0 °C). To
prevent condensation at higher relative humidity, the lines
from the outlet of the impinger, up until the inlet of the H,O
trap, were heated and temperature controlled (£0.1 °C) with
a heating cord and thermocouple (Fig. 1).

An OmniCure S2000 (300-600 nm) was used as the light
source and the irradiance set according to the experimental
design (Table 1). The light source was placed 30 mm above the
surface of the coated glass fibre disc and irradiance, at the exit
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Fig. 1 Overview of the experimental setup used for the CO, photoreduction tests (Not to scale).>*

of the fibre optic light guide, was measured before each exper-
iment by using an OmniCure R2000 radiometer (+5%). An
inline GC (Agilent, Model 7890B series) with a Hayesep Q
column (1.5 m), 1/16 inch od, 1 mm id, MolSieve 13X (1.2 m), 1/
16 inch od, 1 mm id, thermal conductivity detector (TCD),
nickel catalysed methanizer and flame ionization detector (FID)
was used to analyse the output of the photoreactor every four
minutes. The GC was calibrated using 1000 ppm calibration gas
(H,, CO, O, and CH,) in a balance of Ar gas that was further
diluted with Ar (99.995%). Cumulative production (umol cm™?)
was calculated by integrating the area under the production rate
(umol ecm™ h™") vs. time (h) curve using the trapz MATLAB
function.

Design of experiments

The impact of irradiance, temperature, and partial pressure of
H,O on photoreduction was tested for the MOF-derived TiO,
photocatalyst within the following experimental ranges: irradi-
ance (150-300 mW cm™ ), temperature (38-56 °C) and Py o
(2.50-3.00 kPa). In order to properly explore the large experi-
mental space with the minimum number of experiments a two-

level full-factorial experimental design with three central points
was used to systematically investigate the experimental space
shown in Table 1. Additional details of the experimental design
can be found in the ESL}

To allow for a more appropriate comparison to other systems
and photocatalysts, additional photoreduction experiments
were carried out using the best performing conditions and
a commercially available P25 (Degussa) sample, as a reference
material.

Results and discussion

The experimental space investigation in Table 1 revealed that
MOF-derived TiO, produced both, CH, and CO (Fig. 2), with
a significant selectivity towards CO production which was, on
average, an order of magnitude greater than CH, production.
Both CH, and CO production profiles peak between 1-1.5 hours
before exhibiting a deactivation profile. This deactivation trend
is a common observation for TiO, based catalysts for CO,
photoreduction and may be attributed to a loss of oxygen
vacancies or accumulation of reaction intermediates on the

Table 1 Full factorial design used for investigating experimental space of irradiance, temperature and partial pressure of H,O for MOF-derived
TiO,. Where —1, 0, and 1 represent the low, intermediate and high settings of the explored experimental conditions, respectively

Irradiance Temperature
Std order Irradiance Temperature Pyo (Wm™?) (°C) Py o (kPa)
Exp 1 -1 -1 -1 1480 384 2.48
Exp 2 -1 -1 1 1520 37.5 3.02
Exp 3 -1 1 -1 1490 55.6 2.49
Exp 4 -1 1 1 1490 56.3 3.14
Exp 5 1 -1 -1 2980 38.2 2.34
Exp 6 1 -1 1 2870 38.1 3.05
Exp 7 1 1 -1 2890 56.1 2.41
Exp 8 1 1 1 2850 56.1 3.02
Exp 9 0 0 0 2240 46.1 2.72
Exp 10 0 0 0 2230 45.0 2.79
Exp 11 0 0 0 2230 46.0 2.83
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Fig. 2 (a) CH4 and (b) CO production using full-factorial design experimental setting points.

catalyst surface.**** The reproducibility and consistency of our
experimental design was confirmed through triplicate tests at
the central points (SF. 8t). For CH,, the three central points
yielded an average cumulative production of 3.70 x 10~* umol
em 2 £ 1.39 x 10~* pmol em ~2. For CO production the central
points yielded good reproducibility with an average cumulative
production of 1.85 x 107> pmol cm > £ 2.46 x 10> pmol
cm 2, The conditions used in Exp 8 (Table 1) were found to have
the greatest production rate of CO, peaking at a rate of 8.9 x
10" pmol em™? h™"' (2.6 umol g~* h™') and cumulatively
producing 2.1 x 10~> pmol ecm ™ (64.0 umol g~ ') of CO over 4 h.
Exp 7 was found to have the greatest production rate of CH,
peaking at 2.6 x 10> pmol em™> h™" (0.1 pmol g~* h™") and
cumulatively producing 6.28 x 10 pmol cm ™ > (2.5 umol g™ " h™?)
of CH,.

The results of the DoE shown in Fig. 3 indicate that for
cumulative production of both CH, and CO, temperature is the
only statistically significant parameter. This can also be
observed in Fig. 2b where Exp 3, 4, 7 and 8, which have the
highest temperature settings in the design, exhibit increased
production of CO. The increase in performance with increasing
temperature has been documented in a number of studies,

© 2023 The Author(s). Published by the Royal Society of Chemistry

wherein it is believed to contribute to the initial breaking of C-O
bonds in CO, adsorbed to the surface of TiO,.**"*” For instance,
Liu et al. report a 10-fold increase in performance when the
temperature was gradually increased from 50 to 150 °C.
However, there does appear to be an optimum temperature
window with further increases to 170 °C showing a decrease in
activity.* In a separate study, it is proposed that elevated
temperatures aid in the desorption of intermediates and prod-
ucts making the active sites available for CO, adsorption.*®

In this work, the range of explored irradiance values (1480-
2980 W m %) displayed no statistically significant impact on the
production of CO or CH, (Fig. 3). This is consistent with work by
Dilla et al. which examines the irradiance relationship in P25
(Degussa) and finds that at high irradiances (230-1700 W m™?)
there is a minimal increase in the rate in rate of production,
whereas at low irradiances (<230 W m™?) there is a much larger
increase in the rate of production, although the overall rate
remains low.* The authors explain that at higher irradiances
the higher concentration of charge carriers lead to an increase
in charge transfer to adsorbed species, but also increase the
thermodynamically preferred charge-recombination events
hence leading to an overall minimal increase in the rate.

RSC Sustainability, 2023, 1, 494-503 | 497
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Fig. 3

Similarly, the work by Olivo et al. also finds that low irradiance
(40-60 W m™?) is a statistically significant parameter, attrib-
uting this to an insufficient number of photons to activate all
available photocatalytic sites.>> However, they find that at high
irradiances (60-2400 W m™?) there is a minor dependence on
irradiance for CH, production, attributing this to fewer incident
photons being required to activate the photocatalytic sites.
These reports are consistent with our findings and indicate that
the active sites on the MOF-derived TiO, are also fully saturated
at irradiances as low as 1480 W m ™2, and likely even as low as
230 W m 2. This is notable for potential commercialization of
this photocatalyst, as the average solar irradiance on earth's
surface is ~325 W m™> of which ~8% is made up of UV light,
meaning that solar concentrators would be required to artifi-
cially boost irradiance if the light source being used is natural
solar light.*>** This is also highly dependent on the location and

498 | RSC Sustainability, 2023, 1, 494-503

Temperature (°C)

46 55 2.45 2.7
PHZO (kPa)

w

(a) CH4 and (b) CO main effects plots to visually highlight the strength of each reaction parameter.

the set-up of any future plant as surface solar irradiance varies
significantly based on location, for example in the UK the
highest average annual solar irradiance was in the range of
123.4-126.0 W m 2.2

The range of H,O partial pressures (2.48-3.05 kPa) explored
here do not have a statistically significant relationship with CO/
CH, production (Fig. 3). The effect of H,O is important to
monitor as it is an integral parameter to facilitate the reaction.
Without the presence of water the reaction cannot proceed,
however, at elevated levels it has been shown to inhibit the
reaction due to blocking the active sites or weakening CO,
adsorption.** Previous investigations by others into the effect of
water concentration on the production of CH,/CO give contra-
dictory results. Molins et al. find a statistically significant
increase in photocatalytic production of methane with
increasing water mole fraction (xy,0 = 0.25-0.75) across Pt/TiO,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(P25) photocatalysts, whereas Dilla et al. found that a contin-
uous flow of H,O inhibited CH, formation due to competition
with CO, over active sites.*”*?

To allow for an appropriate comparison to other systems and
photocatalysts, additional photoreduction experiments were
carried out using the conditions in Exp 8 and the commercially
available P25 (Degussa) as a reference material (Fig. 4). P25
exhibits a greater overall activity towards CO, photoreduction
than the MOF-derived TiO,, producing appreciable amounts of
both CO and CH,, and reaching an average maximum produc-
tion rate of 1.4 x 10 > umolem >h ™" (2.5 pmol g ' h™ ") and 5.0
x 107> umol em™> h™* (8.9 umol g * h™") for CO and CH,,
respectively. P25 cumulatively produced 0.044 pmol cm ™2 (0.078
umol g~ ') and 0.14 pmol em™? (0.24 pmol g~ ') on average for
CO and CH,, respectively. Both photocatalysts follow similar
deactivation profiles after peaking at ~1 h. The selectivity of P25
leans towards CH, (3:1 CH,: CO) which is in accordance with
literature.****> Conversely, MOF-derived TiO, has almost
complete selectivity towards CO (1:49 CH,:CO) albeit with
a lower total activity. This lower activity was unexpected as the
MOF-derived TiO, was shown to have a longer charge lifetime
when compared to P25, which is an integral part of the photo-
reduction process therefore we were anticipating enhanced
activity.®®

It is an interesting and important observation that the MOF-
derived TiO, produces almost exclusively CO. There are several
factors that could cause this; the surface of the photocatalyst
could be more prone to desorbing CO intermediates, or the
reduced surface area of the MOF-derived TiO,, when compared
to P25, results in fewer surface bound hydroxyls available to
participate in the reaction.*® Typically, purely TiO, based
semiconductors have exhibited poor control over the products
of the photoreduction leading to inefficient reactions. The
selectivity of photocatalysts is strongly influenced by the surface
of the material and how it interacts with adsorbed species.*® For
example, in a work by Li et al. the introduction of dual-metal
sites shifted the selectivity to almost 100% CH, through stabi-
lisation of C-O intermediates preventing their desorption prior
to reduction.>®
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When comparing MOF-derived TiO, to other state-of-the-art
CO, photocatalysts, in terms of selectivity, the potential of this
material is highlighted (Fig. 5).>*3%*"-*® Being able to achieve
a 98% selectivity towards CO without a co-catalyst is very
significant, as typically TiO, photocatalysts are coupled with
expensive noble metal co-catalysts to alter the surface in such
a way as to direct the selectivity.*>*® When compared to other
photocatalysts (Fig. 5), the MOF-derived TiO, is only out-
competed in selectivity by the molecular photocatalyst grafted
to TiO,, CpRuye/TiO,, and SBNT-HR-0.5, Sr,Bi,Nb,TiO;,
nanosheets, which are 100% selective for CH, or CO, respec-
tively (experimental and production details can be found in S3
of the ESI{).*”*® When taking into consideration the relatively
simple synthesis and abundance of the required materials,
MOF-derived TiO, is an attractive catalyst for CO, photoreduc-
tion. Currently there are areas for improvement/development
before this photocatalyst can match the other state of the art
catalysts. For instance, the activity of the MOF-derived TiO, is
quite low compared to current top performers, such as those
reported by recent work from Jiang et al., where they observe
a production rate of 12 mmol g~' h™' without a decay in
performance across 60 h.** The second area for further devel-
opment is enhancing the visible-light absorption. MOF-derived
TiO, is still a form of TiO, that does not absorb significantly in
the visible light region of the solar spectrum, which affects its
potential to generate charges to take part in the reaction.
However, addressing these issues is quite feasible through
further optimisation or modification of the catalyst.

Cycle tests were carried out to investigate the longevity and
stability of MOF-derived TiO,. These show a decline in perfor-
mance after two cycles (SF. 97), which may be due to accumu-
lation of intermediates on the active sites.*” The performance
may potentially be recovered through regeneration of the cata-
lyst through a heat cycle to desorb the intermediates.

To understand the observed selectivity additional investiga-
tions into the electronic properties were conducted. Fig. 6A
shows the photocurrent response for MOF-derived TiO, under
UV-visible (A = 320-1000 nm) light irradiation at a constant
potential 0.5 V (vs. SCE). The MOF-derived TiO, exhibits a sharp

0.0020 ) - "
A MOF-Derived TiO,
AMA A P25
A A
A
= 0.0015 - A AA
e A
o A
A
5 a
S 000104 7y
A
£ A,
2 A AAA‘
(o}
] ’a
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0.0000 4aast” . . : 1
0 1 2 3 4

Time (h)

Fig. 4 MOF-derived TiO, and P25 production rates of (A) CH,4 and (B) CO using the best performing conditions found from the design of

experiment (Table 1, Exp 8).
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Fig.5 Comparison of the selectivity of the MOF-derived TiO (Exp 8) compared to P25 and other state-of-the-art CO, photoreduction catalysts.

response to light, reaching a peak photocurrent density of
—18.33 pA cm ™2 before equilibrating at —12.70 pA ecm ™2 before
sharply returning to the baseline upon the light being turned
off. There is an increase in photocurrent density (—8.51 to
—12.70 pA cm™2) over time first giving a peak response of —8.51
1A cm 2 before gradually increasing to —12.70 pA cm™ > where it
appears to reach a plateau. This is an interesting result for two
reasons, firstly the MOF-derived TiO, shows a lower photocur-
rent density compared to that of P25, which would contribute to
the higher activity shown by P25 towards CO, photoreduction.
The second reason is that the MOF-derived TiO, has a negative
photocurrent density. This is indicative of p-type semiconductor
behaviour, which is typically not observed in undoped TiO,-
based materials where typically n-type semiconductor behav-
iour is observed. The p-type behaviour in undoped TiO, species
has been suggested linked to Ti vacancies present within the
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Fig. 6

material.®~** To investigate this hypothesis, Electron Para-
magnetic Resonance (EPR) spectra were collected to determine
if these p-type Ti vacancies were present in the MOF-derived
TiO,. As reported in the literature, p-type vacancies usually
present as relatively strong signals with g-values = 1.998 and
are typically measurable at both cryogenic temperatures and
higher (towards room temperature) in contrast to the anatase/
rutile defects present in commercial TiO,, where cryogenic
temperatures are vital for adequate sensitivity of detection.®>**

Variable temperature EPR spectra of the MOF-derived TiO,
were collected at both X-band (SF. 3t) (=9.4 GHz) and Q-band
(=34 GHz) frequencies and confirm the presence of the Ti
vacancies with g = 2.002 (Fig. 6B). The higher frequency of Q-
band was particularly useful to unpack the spectra by sepa-
rating the resonances of the trace copper impurities (one
component is at ¢ = 2.069 and is confirmed by XRF, arising

B

~
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—— MOF-Derived TiO, 150 K
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(A) Photocurrent response for MOF-derived TiO, & P25 (B) Q-band continuous wave EPR spectra of the MOF derived TiO, at 150 K.

Microwave frequency 34.023535 GHz, microwave power 0.1 mW, modulation amplitude 5 G.
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Fig. 7 Operando DRIFT spectra for CO, photoreduction on MOF-derived TiO, before and after irradiation for 60 minutes.

from starting materials, SF. 5t) away from the signal of interest.
The g-value obtained differs slightly to the literature value but is
within the range of uncertainties present when carrying out
field correction against a standard sample, and the shape of the
resonance is as reported previously.*®

The effect of titanium vacancies on the electronic properties
have been reported by Bak et al.®® They note that charge transfer
is enhanced for electrons and decreased for holes, as a result
charge recombination is reduced. This phenomenon is
observed in MOF-derived TiO, through the photoluminescence
experiments carried out in the original work by Kampouri et al.,
where it exhibits lower emissions compared to P25.** Wang et al.
therefore attribute the enhancement in organic pollutant
degradation performance to these electronic properties arising
from the presence of titanium vacancies within the structure of
the photocatalyst.®® Although, in this work enhanced activity
was not observed vs. P25, possibly due to the inherent differ-
ences between CO, photoreduction reaction and pollutant
degradation. To further our understanding of the reaction
mechanism in situ Diffuse Reflectance Infrared Fourier Trans-
form Spectroscopy (DRIFTS) studies were conducted on P25 and
MOF-derived TiO,.

DRIFT spectra of the MOF-derived TiO, at room tempera-
ture, at room temperature with CO,, at 60 °C with CO,, after 1
minute of light exposure and after 60 minutes of light exposure
are shown in Fig. 7. The peaks at 3543 and 1626 cm ' are
assigned to H,O with the former being broad due to the effects
of H-bonding with other molecules or surface hydroxyls.
Hydroxyl signals can be observed 3727-3598 cm ™', which can
be assigned to non-H-bonded “free” hydroxyls that could be
found on the edges of MOF-derived TiO, particles.®® These
signals become more pronounced upon light exposure and
temperature increasing. Increasing the temperature from room
temperature to 60 °C decreases the signals at 3567 and
3543 cm ™', which further suggests that they are a combination
of H-bonded molecular water and hydroxyl groups. The CO, v,
(CO) signal can be found at 2347 cm " (SF. 61) which is sup-
ported by values found in literature.®” The CO signal is broad
and is centered around 2048 cm ™' which is relativity low

© 2023 The Author(s). Published by the Royal Society of Chemistry

compared to literature but still within an appropriate range
(2200-2050 ¢cm™').%*7° The region from 1800-1200 cm™ "' is
where the mono- and bi-dentate carbonate (1558 v,; (OCO) b-
CO;%7, 1472 m-CO;*7, 1335 b-CO;>~ cm '), bicarbonate
(1431 cm™ ) and water (1626 cm™ ') signals are found.”*”* The
broad nature of the signals in this region makes accurate
assignment challenging. However, based on the changes with
temperature we can assign the signal at 1626 cm ™" to molecular
water as it decreases with increasing temperature, and the
signal at 1558 cm ™" can be assigned to a carbonate species (Vs
OCO) given the slight increase in signal with temperature and
light exposure. Similar absorption bands were observed in the
P25 sample (SF. 71), however the 1800-1200 cm ™' region was
even more poorly defined, although the same temperature
related trends are present.

There were no signals corresponding the presence of formate
or methoxy species, which suggests that formic acid and
methanol are not formed in the reaction.” It is possible these
products are formed and the intermediates are not observed on
this reaction timescale. The operando DRIFTS study shows the
reaction intermediates and pathways that are important for CO,
photoreduction to CO over this catalyst. However, based on
DRIFTS result, the mechanism for CO formation is suggested to
proceed through a reduction of CO,” with H" (eqn (1)) or
potentially through a disproportionation reaction between two
CO,~ species (eqn (2)).7*7

CO,” +H"+e¢ — CO+OH™ 1)

CO,” +CO,” — CO + CO5~ @)

Conclusions

This study showcases a promising new photocatalyst for CO,
photoreduction. The systematic investigation of the reaction
parameters - irradiance, temperature, and partial pressure of
water — through a two-level design of experiment (DoE) has
shown that only temperature is a statistically significant
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parameter for CO, photoreduction. The MOF-derived TiO, was
found to produce almost exclusively CO as a photoreduction
product. The high selectivity we observe is unusual in purely TiO,
based photocatalysts and was achieved without the use of a co-
catalyst or expensive rare-earth metals. Comparison experi-
ments were carried out with commercially available P25
(Degussa) using the best conditions found through the DoE. This
comparison showed that P25 was more active than MOF-derived
TiO,, however, this activity was split across both CH, and CO (3 :
1) production. Finally, the selectivity of MOF-derived TiO, was
compared with other state of the art CO, photocatalysts and the
MOF-derived TiO, compared favourably. The selectivity of the
MOF-derived TiO, reported here outperforms the majority of the
state-of-the-art photocatalysts which employed co-catalysts to
enhance performance. The p-type conductivity of the MOF-
derived TiO, is in contrast to the n-type conductivity of P25.
Our empirical observations suggest that this plays a role in the
selectivity observed in the CO, photoreduction, however further
experiments will be required to elucidate the mechanism of this
reaction. This catalyst is an exciting prospect and will be the
subject of future work that will focus on enhancing its activity
whilst maintaining its excellent selectivity.

Author contributions

Matthew Garvin and Warren A. Thompson: conceptualization,
data curation, formal analysis, investigation, methodology,
project administration, resources, software, validation, visual-
isation, writing - original draft; Jeannie Z. Y. Tan: investigation,
methodology, writing - review & editing; Stavroula Kampouri,
Christopher P. Ireland and Berend Smit: conceptualization,
resources, writing — review & editing; Adam Brookfield and
David Collison: formal analysis, investigation, methodology,
resources, validation, visualisation, writing - original draft;
Leila Negahdar and Andrew M. Beale: formal analysis,
resources, writing — review & editing; Mercedes Maroto-Valer,
Ruaraidh McIntosh and Susana Garcia: project administra-
tion, resources, writing — review & editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We would like to thank the Engineering and Physical Sciences
Research Council, Heriot-Watt University and the CRITICAT
Centre for Doctoral Training for financial support (PhD
Student M. Garvin, EPSRC Grant: EP/L016419/1). As well as the
PrISMa Project (No 299659), which is funded through the ACT
programme (accelerating CCS Technologies, Horizon 2020 Project
No 294766). We thank the EPSRC National Research Facility for
EPR Spectroscopy (NS/A000055/1). UK Catalysis Hub is kindly
thanked for resources (DRIFT and XRF) and support provided via
the membership of the UK Catalysis Hub Consortium and funded
by current EPSRC grants: EP/R026939/1 and EP/R026815/1.

502 | RSC Sustainability, 2023, 1, 494-503

View Article Online

Paper

Notes and references

1 Global Warming of 1.5 °C. An IPCC Special Report on the
impacts of global warming of 1.5 °C above pre-industrial
levels and related global greenhouse gas emission
pathways, in The Context of Strengthening the Global
Response to the Threat of Clim, ed. V. Masson-Delmotte, P.
Zhai, H.-O. Portner, D. Roberts, J. Skea, P. R. Shukla, A.
Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S.
Connors, J. B. R. Matthews, Y. Chen, X. Zhou, M. I. Gomis,
E. Lonnoy, T. Maycoc, M. Tignor and P. C. C. Waterfiel, 2018.

2 J. R. Fernandez, S. Garcia and E. S. Sanz-Pérez, Ind. Eng.
Chem. Res., 2020, 59, 6767-6772.

3 A. Kitelhon, R. Meys, S. Deutz, S. Suh and A. Bardow, Proc.
Natl. Acad. Sci., 2019, 116, 11187-11194.

4 B. Smit and S. Garcia, Europhys. News, 2020, 51, 20-22.

5 H. Konnerth, B. M. Matsagar, S. S. Chen, M. H. G. Prechtl,
F. K. Shieh and K. C. W. Wu, Coord. Chem. Rev., 2020, 416,
213319.

6 R. X. Yang, Y. T. Bieh, C. H. Chen, C. Y. Hsu, Y. Kato,
H. Yamamoto, C. K. Tsung and K. C. W. Wu, ACS
Sustainable Chem. Eng., 2021, 9, 6541-6550.

7 C.van Nguyen, J. Y. Yeh, T. van Tran and K. C. W. Wu, Green
Chem., 2022, 24, 5070-5076.

8 Y. C. Liu, L. H. Yeh, M. ]J. Zheng and K. C. W. Wu, Sci. Adv.,
2021, 7(10), abe9924.

9 G. Zhao, X. Huang, X. Wang and X. Wang, J. Mater. Chem. A,
2017, 5, 21625-21649.

10 M. Aresta and A. Dibenedetto, Dalton Trans., 2007, 2975.

11 S. M. Jarvis and S. Samsatli, Renewable Sustainable Energy
Rev., 2018, 85, 46-68.

12 J. Z. Y. Tan, F. Xia and M. M. Maroto-Valer, ChemSusChem,
2019, 12, 5246-5252.

13 C. S. Ribeiro, J. Z. Y. Tan, M. M. Maroto-Valer and
M. A. Lansarin, J. Environ. Chem. Eng., 2021, 9, 1.

14 J. Z. Y. Tan, S. Gavrielides, H. R. Xu, W. A. Thompson and
M. M. Maroto-Valer, RSC Adv., 2020, 10, 27989-27994.

15 E. Kalamaras, M. Belekoukia, J. Z. Y. Tan, J. Xuan,
M. M. Maroto-Valer and J. M. Andresen, Faraday Discuss.,
2019, 215, 329-344.

16 C. C. Chueh, C. I. Chen, Y. A. Su, H. Konnerth, Y. J. Gu,
C. W. Kung and K. C. W. Wu, J. Mater. Chem. A, 2019, 7,
17079-17095.

17 X. Li, J. Yu, M. Jaroniec and X. Chen, Chem. Rev., 2019, 119,
3962-4179.

18 T. P. Nguyen, D. L. T. Nguyen, V. H. Nguyen, T. H. Le,
D. V. N. Vo, Q. T. Trinh, S. R. Bae, S. Y. Chae, S. Y. Kim
and Q. Van Le, Nanomaterials, 2020, 10, 1-24.

19 X. Li, J. Wen, ]J. Low, Y. Fang and J. Yu, Sci. China Mater.,
2014, 57, 70-100.

20 J. Mao, K. Li and T. Peng, Catal. Sci. Technol., 2013, 3, 2481-
2498.

21 T. Zhang and W. Lin, Chem. Soc. Rev., 2014, 43, 5982-5993.

22 S.-N. Zhao, G. Wang, D. Poelman and P. Van Der Voort,
Molecules, 2018, 23, 2947.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2su00082b

Open Access Article. Published on 17 February 2023. Downloaded on 1/12/2026 3:19:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

23 J. W. Maina, C. Pozo-Gonzalo, L. Kong, J. Schiitz, M. Hill and
L. F. Dumée, Mater. Horiz., 2017, 4, 345-361.

24 Y. Chen, D. Wang, X. Deng and Z. Li, Catal. Sci. Technol.,
2017, 7, 4893-4904.

25 M. Dilla, R. Schlogl and J. Strunk, ChemCatChem, 2017, 9,
696-704.

26 X. Liu, S. Inagaki and J. Gong, Angew. Chem., Int. Ed., 2016,
55, 14924-14950.

27 S.N. Habisreutinger, L. Schmidt-Mende and J. K. Stolarczyk,
Angew. Chem., Int. Ed., 2013, 52, 7372-7408.

28 F. Akira and H. Kenichi, Nature, 1972, 238, 37-38.

29 Y. Ji and Y. Luo, ACS Catal., 2016, 6, 2018-2025.

30 S. Liu, J. Yu and M. Jaroniec, J. Am. Chem. Soc., 2010, 132,
11914-11916.

31 K. Li, C. Teng, S. Wang and Q. Min, Front. Chem., 2021, 9, 1-
25.

32 L. Liu, S. Wang, H. Huang, Y. Zhang and T. Ma, Nano Energy,
2020, 75, 104959.

33 U. Ulmer, T. Dingle, P. N. Duchesne, R. H. Morris,
A. Tavasoli, T. Wood and G. A. Ozin, Nat. Commun., 2019,
10, 1-12.

34 Z. Jiang, X. Xu, Y. Ma, H. S. Cho, D. Ding, C. Wang, J. Wu,
P. Oleynikov, M. Jia, J. Cheng, Y. Zhou, O. Terasaki,
T. Peng, L. Zan and H. Deng, Nature, 2020, 586, 549-554.

35 W. N. Wang, W. J. An, B. Ramalingam, S. Mukherjee,
D. M. Niedzwiedzki, S. Gangopadhyay and P. Biswas, J. Am.
Chem. Soc., 2012, 134, 11276-11281.

36 X. Wang, X. Xuan, Y. Wang, X. Li, H. Huang, X. Zhang and
X. Du, Microporous Mesoporous Mater., 2021, 310, 110635.

37 A. Angulo-Ibafnez, M. Perfecto-Irigaray, I. Merino-Garcia,
N. Luengo, A. M. Goitandia, J. Albo, E. Aranzabe,
G. Beobide, O. Castillo and S. Pérez-Yanez, Mater. Today
Energy, 2022, 30, 101178.

38 S. Kampouri, C. P. Ireland, B. Valizadeh, E. Oveisi,
P. A. Schouwink, M. Mensi and K. C. Stylianou, ACS Appl.
Energy Mater., 2018, 1, 6541-6548.

39 A. Olivo, W. A. Thompson, E. R. B. Bay, E. Ghedini,
F. Menegazzo, M. Maroto-Valer and M. Signoretto, J. CO2
Util., 2020, 36, 25-32.

40 W. A. Thompson, A. Olivo, D. Zanardo, G. Cruciani,
F. Menegazzo, M. Signoretto and M. M. Maroto-Valer, RSC
Adv., 2019, 9, 21660-21666.

41 W. A. Thompson, C. Perier and M. M. Maroto-Valer, Appl.
Catal., B, 2018, 238, 136-146.

42 F. Fresno, 1. J. Villar-Garcia, L. Collado, E. Alfonso-Gonzalez,
P. Renones, M. Barawi and V. A. de La Pena O'Shea, J. Phys.
Chem. Lett., 2018, 9, 7192-7204.

43 L. Liu, C. Zhao, H. Zhao, D. Pitts and Y. Li, Chem. Commun.,
2013, 49, 3664-3666.

44 X. Wang, S. Blechert and M. Antonietti, ACS Catal., 2012, 2,
1596-1606.

45 S. Poudyal and S. Laursen, Catal. Sci. Technol., 2019, 9, 1048-
1059.

46 S. Poudyal and S. Laursen, J. Phys. Chem. C, 2018, 122, 8045—
8057.

47 F. Molins, K. Kupper and E. Schweers, ChemPhotoChem,
2020, 4, 526-534.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

48 W. A. Thompson, E. Sanchez Fernandez and M. M. Maroto-
Valer, ACS Sustainable Chem. Eng., 2020, 8, 4677-4692.

49 M. Dilla, A. Mateblowski, S. Ristig and ]. Strunk,
ChemCatChem, 2017, 9, 4345-4352.

50 C. A. Gueymard, Sol. Energy, 2004, 76, 423-453.

51 D. R. Myers, in Solar Energy, Springer, New York, NY, 2013,
Pp. 584-608.

52 D. Burnett, E. Barbour and G. P. Harrison, Renewable Energy,
2014, 71, 333-343.

53 H. R. Kim, A. Razzaq, H. J. Heo and S.-I. In, Rapid Commun.
Photosci., 2013, 2, 64-66.

54 A. Olivo, E. Ghedini, M. Signoretto, M. Compagnoni and
1. Rossetti, Energies, 2017, 10, 1-14.

55 M. Tasbihi, F. Fresno, U. Simon, I. J. Villar-Garcia, V. Pérez-
Dieste, C. Escudero and V. A. de la Pefia O'Shea, Appl. Catal,
B, 2018, 239, 68-76.

56 X. Li, Y. Sun, J. Xy, Y. Shao, J. Wu, X. Xu, Y. Pan, H. Ju, J. Zhu
and Y. Xie, Nat. Energy, 2019, 4, 690-699.

57 H. Huang, J. Lin, G. Zhu, Y. Weng, X. Wang, X. Fu and
J. Long, Angew. Chem., Int. Ed., 2016, 55, 8314-8318.

58 H. Yu, J. Li, Y. Zhang, S. Yang, K. Han, F. Dong, T. Ma and
H. Huang, Angew. Chem., Int. Ed., 2019, 58, 3880-3884.

59 M. Liu, L. Zheng, X. Bao, Z. Wang, P. Wang, Y. Liu, H. Cheng,
Y. Dai, B. Huang and Z. Zheng, Chem. Eng. J., 2021, 405,
126654.

60 K. Bhattacharyya, G. P. Mane, V. Rane, A. K. Tripathi and
A. K. Tyagi, J. Phys. Chem. C, 2021, 125, 1793-1810.

61 A.T.Iancu, M. Logar, J. Park and F. B. Prinz, ACS Appl. Mater.
Interfaces, 2015, 7, 5134-5140.

62 M. K. Nowotny, P. Bogdanoff, T. Dittrich, S. Fiechter,
A. Fujishima and H. Tributsch, Mater. Lett., 2010, 64, 928-
930.

63 S. Wang, L. Pan, ]J.-J. Song, W. Mi, ]J.-J. Zou, L. Wang and
X. Zhang, J. Am. Chem. Soc., 2015, 137, 2975-2983.

64 A. Fu, X. Chen, L. Tong, D. Wang, L. Liu and J. Ye, ACS Appl.
Mater. Interfaces, 2019, 11, 24154-24163.

65 T. Bak, M. K. Nowotny, L. R. Sheppard and J. Nowotny, J.
Phys. Chem. C, 2008, 112, 13248-13257.

66 L. Mino, A. Morales-Garcia, S. T. Bromley and F. Illas,
Nanoscale, 2021, 13, 6577-6585.

67 S. Sun, M. Watanabe, J. Wu, Q. An and T. Ishihara, J. Am.
Chem. Soc., 2018, 140, 6474-6482.

68 S. Gaur, H. Wy, G. G. Stanley, K. More, C. S. S. R. Kumar and
J. J. Spivey, Catal. Today, 2013, 208, 72-81.

69 Y. Denkwitz, Z. Zhao, U. Hérmann, U. Kaiser, V. Plzak and
R. J. Behm, J. Catal., 2007, 251, 363-373.

70 L. Liu, C. Zhao, J. T. Miller and Y. Li, J. Phys. Chem. C, 2017,
121, 490-499.

71 K. Wang, M. Cao, J. Lu, Y. Lu, C. H. Lau, Y. Zheng and X. Fan,
Appl. Catal., B, 2021, 296, 120341.

72 L. Liu, H. Zhao, J. M. Andino and Y. Li, ACS Catal., 2012, 2,
1817-1828.

73 S. Kattel, B. Yan, Y. Yang, J. G. Chen and P. Liu, J. Am. Chem.
Soc., 2016, 138, 12440-12450.

74 E. Karamian and S. Sharifnia, J. CO2 Util., 2016, 16, 194-203.

75 L. Liu, F. Gao, H. Zhao and Y. Li, Appl. Catal., B, 2013, 134~
135, 349-358.

RSC Sustainability, 2023, 1, 494-503 | 503


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2su00082b

	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b

	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b
	Highly selective CO2 photoreduction to CO on MOF-derived TiO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2su00082b


