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Photocatalytic conversion of CO, into fuels and valuable chemicals using solar energy is a promising
technology to combat climate change and meet the growing energy demand. Extensive effort is going
on for the development of a photocatalyst with desirable optical, surface and electronic properties. This
review article discusses recent development in the field of photocatalytic CO, conversion using
defective TiO,. It specifically focuses on the different synthesis methodologies adapted to generate the
defects and their impact on the chemical, optical and surface properties of TiO, and, thus,
photocatalytic CO, conversion. It also encompasses theoretical investigations performed to understand
the role of defects in adsorption and activation of CO, and identify the mechanistic pathway which
governs the formation and selectivity of different products. It is divided into three parts: (i) general
mechanism and thermodynamic criteria for defective TiO, catalyzed CO, conversion, (i) theoretical

investigation on the role of defects in the CO, adsorption—activation and mechanism responsible for the
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Accepted 20th January 2021 formation and selectivity of different products, and (iii) the effect of variation of physicochemical

properties of defective TiO, synthesized using different methods on the photocatalytic conversion of
CO,. The review also discusses the limitations and the challenges of defective TiO, photocatalysts that
need to be overcome for the production of sustainable fuel utilizing solar energy.
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International Panel on Climate Change (IPCC) prediction, by
2100, the global temperature may rise by 1.9 °C, due to
continuous increase in anthropogenic CO,.* Thus, CO, capture,
utilization, and storage are key in reducing its increased
concentration in the earth's atmosphere. The use of solar
energy, an abundant and renewable source of energy available
on the earth, is one of the best solutions to tackle energy chal-
lenges. The total solar energy falling on the earth is 1.3 x 10°
TW, which is four orders of magnitude higher than the current

1. Introduction

Extensive use of fossil fuels leads to the depletion of natural
resources and is a major source of anthropogenic CO,. Hence,
there is an active search going on for the replacement of fossil
fuels with renewable energy sources.” According to the
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overall human energy consumption (1.85 x 10 TW in 2017).
Conversion of inexhaustible solar energy into renewable energy
carriers such as electricity using solar cells or hydrogen gener-
ated by photocatalytic water splitting is a promising approach.
However, the storage of the renewable electricity generated
from solar cells, as well as hydrogen gas, is challenging, pre-
venting the development of these technologies.

The catalytic conversion of CO, to fuels and chemicals using
solar energy can provide a solution to excessive anthropogenic
CO, in the atmosphere as well as an alternative to the storage of
electricity or hydrogen gas. Photocatalytic CO, conversion offers
a viable solution for the abatement of climate change by con-
verting CO, into valuable fuels using solar energy.*® The use of
CO, from the atmosphere as a carbon source and its conversion
into the hydrocarbons (fuel) which can be further utilized as an
energy source in a closed-loop is often termed as ‘artificial
photosynthesis’.’

The first report on photocatalytic CO, reduction came in
1978 by Halmann et al.* They studied the photoelectrochemical
conversion of CO, to formic acid, formaldehyde, and methane
under UV-visible light illumination using single crystal gallium
phosphide. In 1979, Inoue et al.* reported the generation of
organic compounds like formic acid, formaldehyde, methanol
and methane by photocatalytic CO, conversion using an
aqueous suspension of different semiconductors such as WO,
TiO,, CdS, GaP, SiC, and ZnO under UV-visible light
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illumination.** After these initial discoveries, although a large
number of photocatalysts have been explored, the desired
productivity, selectivity, and catalyst stability have not yet been
achieved.

The efficiency of the photocatalytic processes lies in the
development of a suitable semiconductor as a photocatalyst
having extensive absorption in the visible region of solar light,
low rate of recombination of charge carriers and stability.
Among various semiconductors, TiO, is widely studied as
a photocatalyst because of its properties such as inexpensive-
ness, chemical and thermal stability, low toxicity and desired
conduction and valence band edge for CO, reduction.**
However, the photocatalytic activity of TiO, is low in solar light,
due to poor absorption in the visible region, which constitutes
43% of the solar spectrum, and a high rate of recombination of
photogenerated charge carriers.'*>® To address these issues,
different strategies were adopted, such as heteroatom doping,
heterojunction formation, dye sensitization, defect engineering
etc.21730

Among these, defect engineering holds promise as the
presence, concentration and distribution of defects play a key
role in tuning the electronic, chemical and surface properties of
TiO,. It was reported that the light absorption property of TiO,
can be extended up to the IR region and also, the defect sites
assist in adsorption and activation of the CO, molecule.* Not
only the oxygen vacant site but also the uncoordinated bonds
near the oxygen vacant sites help in the activation of the CO,
molecule.*

There are few review articles published on the application of
defective TiO, for CO, conversion.*~** However, they have not
discussed the impact brought about by introducing defects
using different synthesis methodologies on the electronic,
surface and chemical properties of TiO, and its correlation with
the photocatalytic CO, conversion, which is the main focus of
this review article. Moreover, this article also encompasses both
theoretical and experimental studies carried out on defective
TiO, to understand the adsorption and activation of CO,
molecules and the mechanistic insights. This review article
discusses the recent development in photocatalytic CO,
conversion using defective TiO,. It includes the general mech-
anism and thermodynamic criteria for defective TiO, catalyzed
CO, conversion, the theoretical investigation on the role of
defects in CO, adsorption and activation, and the mechanism
responsible for the formation and selectivity of different prod-
ucts. It also summarizes the effect of variation of structural and
electronic properties of defective TiO, synthesized using various
protocols on the photocatalytic conversion of CO, into value-
added products.

2. General mechanism and
thermodynamic criteria for
photocatalytic CO, conversion

The photocatalytic CO, conversion process using semi-

conductor-based catalysts involves the following steps: (1) CO,
adsorption on the surface of the catalyst, (2) generation of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electron and hole pairs after the absorption of light, (3) sepa-
ration and transfer of charges to the surface active sites, and the
generated charges may recombine back in the (4) bulk or (5) on
the surface, (6) reduction of the adsorbed CO, by accepting an
electron, and (7) oxidation of water to give oxygen. The
processes occurring on the semiconductor surface are given in
Fig. 1. Photocatalytic CO, conversion is a complex process and
different pathways result in different products.* The potential
energy (E° V vs. NHE at pH 7) required to form different prod-
ucts such as carbon monoxide (CO), formic acid (HCOOH),
formaldehyde (HCOH), methanol (CH;OH), methane (CH,),
hydrogen (H,) and oxygen (O,) is given as follows:

CO,+e” — COy , E'=—-190V (1)
CO, + 2H" + 2¢~ —» HCOOH, E° = —0.61 V (2)
CO, +2H" +2¢~ — CO + H,0, E" = —0.53 V 3)

CO, + 4H" + 4~ — HCHO + H,0, E° = —048V  (4)
CO, + 6H" + 6~ — CH;OH + H,0, E° = —0.38V  (5)
CO, + 8H" + 8¢~ — CHy4 + 2H,0, E° = —0.24 V (6)
2H' +2¢ — Hy, E°= 041V (7)

2H,0 — O, +4H" +4e, E° = +0.81 V (8)

The water reduction process involves two electrons, whereas
the reduction of CO, to organic products is a multielectron
process. The water reduction process can compete with the CO,
reduction reaction, and therefore, it is essential to tailor the
surface of the photocatalyst in such a way that it will preferen-
tially reduce CO, rather than water. Also, the single-electron
transfer to the CO, molecule has the highest reduction potential
i.e. —1.9 Vvs. NHE (at pH = 7); hence it is the rate-limiting step
in most of the photocatalytic CO, conversion reactions.*
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3. Defective TiO, as a photocatalyst

3.1 Background

In 2011, Chen et al’®® reported “black TiO,” where the light
absorption of anatase TiO, could be enhanced until 1200 nm by
introducing a shell of a disordered surface layer over the core
crystalline TiO, nanocrystal via a hydrogenation process. HR-
TEM images after hydrogenation showed the presence of
a disordered layer and a crystalline core. The hydrogenation
process was carried out at 200 °C under 20 bar pressure of H,
gas for five days. TiO, synthesized by this method is referred to
as black TiO,. The black TiO, showed enhanced photocatalytic
H, generation in visible light with a yield of 10 000 pmol g *
h™". They attributed the enhanced photocatalytic activity to the
improved light absorption of black TiO, until 1200 nm, having
an optical bandgap of 1.54 eV. The introduction of mid-gap
electronic states within the bandgap of TiO, was due to the
presence of lattice disorder with H atom doping, which
improved light absorption.

After this discovery, a range of methodologies for defect
creation was adopted to improve the light absorption of TiO, in
the visible region. Defects were generated in TiO, using
different synthesis methodologies such as hydrogen gas treat-
ment, inert gas treatment, plasma treatment, metallothermic
reduction, using a reducing agent, bombardment with high
energy particles, hydrolysis of Ti*" salt in the presence of
a reductant, doping with a heteroatom, etc.**

3.2 Role of defects in CO, adsorption-activation and light
harvesting

The electronic, optical, surface and chemical properties of TiO,
are dependent on the type and concentration of the defects
present in it. These properties play a crucial role in determining
the photocatalytic activity of the material. Defects in crystals are
classified depending on the dimensionality as 0D point defects,
1D line defects, 2D planar defects and 3D bulk defects.’” Point
defects in TiO, include Ti vacancies, oxygen vacancies, and Ti

E/V vs NHE
pH=7
(-1.9V)

™ €0,/ CH,
" H,0/0,

(-0.24 V)

(+0.81V)

Fig.1 Schematic illustration of different processes occurring during the photocatalytic conversion of CO, into useful products. The absorption
of light energy equal to or greater than the bandgap (Eg) resulting in excitation of the electrons from the valence band (VB) to the conduction
band (CB), leaving behind holes in the VB. The electrons and holes promote the reduction and oxidation of the reactant molecules, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the different types of defects present in the TiO,
crystal.

interstitial and substitutional or interstitial impurity.*”*® Line
defects are described as extended dislocations.*® 2D defects
(planar defects) contain grain boundaries, twin boundaries and
stacking faults. Bulk defects (volume defects) include inclu-
sions, cracks, voids and pores.*” Fig. 2 shows the types of defects
present in the crystal.

The generation of oxygen vacancies is the easiest as
compared to the generation of interstitial vacancies.*® Oxygen
removal leaves behind two electrons at the vacant oxygen site.
These electrons were accepted by the adjacent Ti** present near
the oxygen vacant site to generate Ti’" sites.** The preliminary
step in CO, conversion is the adsorption of CO, molecules on
the catalyst surface. The presence of oxygen defects not only
facilitates the reduction of the bandgap of pristine TiO, but also
generates active sites for CO, adsorption and activation, thus
making it a suitable candidate for photocatalytic CO, conver-
sion using solar energy. Several theoretical studies have been
performed to understand the role of defects in CO, activation
and conversion into different products.

Oxygen vacant sites offer a stronger binding site for CO,
adsorption. Thompson et al.** studied the adsorption and
desorption of CO, on the oxidized and defective TiO, (110)
surfaces by temperature-programmed desorption. In the case of
a fully oxidized surface, CO, binds to the fivefold coordinated

D_voi) D_voian

Fig. 3

(a) Type of oxygen vacancies on the (001) surface of anatase TiO, (Ti = gray, O =
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Ti'" atoms, whereas in the case of the defective TiO, surface,
CO, binds to both the regular sites and to the oxygen vacant
sites. They also found that the CO, binds to the oxygen vacant
sites with a higher binding energy of 54 k] mol™" than the
regular sites (48.5 kJ mol™").

Huygh et al*® studied the adsorption, dissociation and
diffusion of CO, on the oxidized and reduced (001) surfaces of
anatase TiO, using density functional theory (DFT) calculations
with long-range dispersion energy corrections. Fig. 3a shows the
different vacancy sites present on the (001) anatase surface,
namely Vo, Voo, Voz and Vg,. They identified the monodentate
carbonate structure as the stable adsorption configuration after
the interaction of CO, with the oxidized surface. A small energy
barrier exists for the conversion of physisorbed CO, to a chem-
isorbed one. CO, dissociation is not possible on an oxidized
surface because of having a barrier of 113.6 kcal mol .
However, the presence of an oxygen vacancy provides a new,
highly stable adsorption configuration of CO, with the elonga-
tion of the C-O bond (Fig. 3b). The activation of the C-O bond
results in exothermic dissociation of CO, with a barrier of 22.2
keal mol . The CO, dissociation on the vacant oxygen site has
a lower barrier than on the oxidized surface as the former
provides a way to stabilize the end product by taking up the
oxygen from CO, to fill the vacant oxygen site. This results in the
formation of a CO molecule, which is desorbed by filling the
vacant site.

Lee et al.** studied the electron-induced dissociation of CO,
adsorbed at the oxygen vacant site on the TiO, (110) surface by
scanning transmission microscopy (STM). Fig. 4a shows the
schematic of the TiO, (110) surface having the oxygen vacancy
(Vo), bridged hydroxyl group (OH,) and CO, adsorbed at the
vacant site. The inset shows the tilted configuration of CO,
adsorbed at the vacant oxygen site. They found that the most
stable adsorption of CO, at the vacant site was a nearly linear
configuration with an adsorption energy of 0.44 eV. Fig. 4b
shows the STM images recorded after exposure to CO, at 55 K.
The inset shows the STM images of the same area before and
after CO, thermal diffusion. They observed that the two CO,
molecules shown in the dotted ellipse in the upper inset
diffused away from their V, site, leaving behind two intact Vo
sites as seen in the dotted ellipse of the lower inset. This
revealed that the CO, was adsorbed at the V, site. Fig. 4c shows

e R Mo nt s B
i BB e

D_voiam D_voam D_VO3(D) D_vO3(n

red, oxygen vacancy = yellow) and (b) adsorption

configurations of CO, on the reduced TiO, anatase surface with different vacancies in side view (upper panel) and top view (lower panel) (Ti =

blue, Otio, = red, Oco, =
Society, copyright 2016).
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red and yellow plus sign and C = brown) (reproduced from ref. 43 with permission from the American Chemical
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Fig. 4 (a) Schematic showing the oxygen vacancy (Vo, in a black color square), bridged hydroxyl group (OH,, black color circle) and CO,

molecule adsorbed at the Vg site on the reduced TiO; (1) (1 x 1) surface. The fivefold-coordinated Ti(5f) atoms and bridged oxygen (Oy,) are
indicated in red and blue, respectively. The inset shows that the molecular axis of CO, is perpendicular to the direction of the bridging-oxygen
row ([001] azimuth) and is tilted away from the surface normal by 57°; (b) STM image (1.5 V, 5 pA, 15 nm x 15 nm) of the TiO, (110) surface after
adsorption of CO,; at 55 K. Three CO, and two OHj, features are shown as diamonds and circles, respectively. The inset shows two STM images
(5.1 nm x 2.6 nm) of the same area on the surface. The upper inset shows two CO, molecules (in the dotted ellipse) that diffused away from their
Vo sites, leaving two intact Vg sites visible, as shown in the lower inset image; (c) dissociation probability (Pyiss) plotted as a function of bias
voltage. The threshold voltage was Vinres = +1.7 V, and Py;ss approached 1 at +2.2 V. (d) The electron-transfer process at the STM tip/CO,/TiO,
interface. Above eVines = 1.7 €V, the electrons start to tunnel into the negative-ion state of the adsorbed CO, and (e) schematics of an electron-

induced CO, dissociation process (reproduced from ref. 44 with permission from the American Chemical Society, copyright 2011).

that 1.7 V is the threshold energy required for the dissociation
of CO, and the probability of dissociation depends on the
energy of the injected electron from STM tip.

The electron from the Fermi level of STM tip can tunnel into
CO, to form CO,~ in the °TI,, state if the energy of the electron is
greater than 1.7 eV (Fig. 4d). As the Fermi level lies 0.3 eV below
the CB, the threshold energy is located 1.4 eV above the CB.
They demonstrated that the dissociation of CO, is a one-elec-
tron process with a threshold energy of 1.4 eV above the
conduction band minimum of TiO,. The CO, adsorbed at the
oxygen vacant sites dissociates by accepting an electron and
heals the vacancy by the oxygen released during dissociation
reaction (Fig. 4e). The CO molecule formed could be desorbed
from the surface by the excess energy gained during the disso-
ciation process. The formation of CO,  species is the key
intermediate in CO, dissociation. Similar results were also re-
ported by Tan et al.*> where they studied the activation of CO, on
the rutile TiO, (110) (1 x 1) surface by injecting an electron to
CO, by in situ STM at 80 K.

The presence of point defects creates energy levels within the
bandgap and hence light absorption by TiO, can extend up to
the near IR region. Hossain et al.*® used Ab initio density func-
tional theory to calculate the formation energy of intrinsic point
defects and position of the defect-induced energy levels within
the bandgap of reduced rutile TiO,_,. They reported the energy

© 2021 The Author(s). Published by the Royal Society of Chemistry

levels for the oxygen vacancy (Vo), titanium vacancy (V) and
titanium interstitial (Ti;,) as 1.17, 1.15 and 1.23 eV, respectively
(Fig. 5). The presence of these defects can be thoroughly
analyzed by the scanning transmission microscopy (STM) in
combination with density functional theory (DFT), high-reso-
lution transmission electron microscopy (HR-TEM), positron
annihilation spectroscopy (PAS), electron paramagnetic reso-
nance (EPR), magnetism testing, temperature-programmed
desorption (TPD), Fourier transform infrared spectroscopy
(FTIR), optical absorption spectroscopy, X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy.**

3.2 Mechanistic pathways for photocatalytic CO, conversion
using defective TiO,

Two pathways were proposed based on the adsorption and the
binding of CO, to the catalyst surface. One is the carbene
pathway and the other is the formaldehyde pathway.*” In the
carbene pathway, the CO,"™ radical is formed by accepting an
electron from the TiO, catalyst. CO,"~ binds in a bidentate
mode to the two Ti atoms on the surface via a carbon atom.
These radicals undergo reduction by accepting hydrogen radi-
cals and electrons to form CO. The adsorbed CO on further
reduction in multiple steps gives a ‘CH radical, carbene, and
a methyl radical as intermediates to finally give methanol or
methane as the final product.

Chem. Sci., 2021, 12, 4267-4299 | 4271
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Fig. 5 Energy levels formed due to the presence of defects such as
oxygen vacancy, titanium vacancy and titanium interstitial within the
bandgap of reduced rutile TiO,_,. Energy levels were taken from ref.
46.

In the formaldehyde pathway, the carboxy radical ("COOH) is
primarily formed as a result of binding of the CO, molecule in
a monodentate mode either through binding of the oxygen
atom of CO, to Ti or binding of the oxygen atom of the surface to
the carbon atom of the CO,. The ‘COOH forms formic acid by
accepting hydrogen radicals. On further reduction of formic
acid, formaldehyde, methanol and methane is produced
through a series of electron transfer and dehydrating steps.

To understand the mechanism of CO, reduction on the
perfect and defective (101) surfaces of anatase TiO,, Ji et al.®®
carried out first principles calculation. They concluded that in
the case of both defective and non-defective TiO,, the fast
hydrogenation (FH) pathway, generally known as the formal-
dehyde pathway, is most preferred over the fast deoxygenation
(FDO) pathway (known as the carbene pathway). FDO is not
possible due to the formation of the energetically unfavorable
‘C intermediate. They also found that the surface oxygen
vacancies are more active than Ti atoms on the surface. A new
mechanism was proposed to explain the selectivity of the reac-
tion in which fast hydrogenation occurs at both Ti as well as
oxygen vacancies and is shown in Fig. 6. On the Vg site, the
deoxygenation of CO, is easier and the two electrons provided
by the defect sites could prevent the photooxidation of the
intermediate species and promote their further reduction.

To further understand the mechanism proposed by Ji et al.,*®
Liu et al.* performed a DFT calculation to study the pathway for
methane and methanol formation from CO, reduction over the
defective anatase phase of TiO, with the (101) surface. They

— HCOOH

COz — CO —CH20 — CHsO — CHsOH

CHy > CHy/CHsOH
CO2 —= CO —=CH20 —= CHsO

Fig. 6 Reaction pathway for the photocatalytic CO, conversion (red
and black color font indicate the species adsorbed at the oxygen
vacancy and on surface Ti, respectively) (reproduced from ref. 48 with
permission from the American Chemical Society, copyright 2016).
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found that the reaction proceeds through the two plausible
pathways (Fig. 7) as follows CO, — CO(A)(CO(B)) — CHO(CHO)
— CHOH(CH,0) — CH,OH(CH;0) — CH;OH* or CH,. CO(A)
and CO(B) stand for a more stable monodentate configuration
with C binding to Ti** and a less stable bidentate configuration of
CO on the Vg site of the surface, respectively. The desorption
energy of methanol is high as 1.66 eV, indicating that it will be
difficult to desorb from the Vg, site of the surface and thus stable
on the surface at room temperature. The barrier for the conver-
sion of adsorbed methanol to CHj; is very low ie., 0.18 €V, and
thus, the formation of CHj; is more favorable than the desorption
of the adsorbed methanol. Methane is expected as the reaction
product as the desorption energy of methane is only 0.20 eV. The
predicted mechanism matches with the experimental findings as
CO and CH, were the experimentally observed products.

Furthermore, they also considered a carbene-like deoxygen-
ation pathway to form the CH species on the vacant site, which
could generate methane by successive hydrogenation steps.*
The proposed direct deoxygenation and hydrogenation pathway
is CO, — CO(A) » CHO — CHOH — CH — CH, — CH; —
CH,. The rate-limiting step in this pathway is CHOH — CH with
a barrier of 1.96 eV, which is much lower than that reported by Ji
et al®® All the pathways from CO, are thermodynamically
feasible but the barriers between the steps are high mainly in
the carbene pathway. The energy via electric field or electro-
chemical potential could be used to increase the rate of the
reaction and, thus, product yield. From the theoretical study, it
was concluded that the formaldehyde pathway is more
preferred over the carbene pathway for CO, conversion in
defective TiO,. Methane formation is preferred over methanol
due to its high desorption energy.

4. Defect generation in TiO, and its
impact on photocatalytic CO,
conversion

The various synthesis procedures, the physicochemical changes
in TiO, due to the presence of defects and applications of
defective TiO, for photocatalytic CO, conversion are summarized
in this section. Point defects in TiO, can be introduced by
different ways, such as reduction using hydrogen gas, inert gas
treatment, a reducing agent like NaBH,, metallothermic reduc-
tion by using metals like Al, Mg, Li, Zn, etc, bombardment with
high energy particle such as electron beam, proton beam,
hydrogen plasma, electrochemical reduction method, doping
with a heteroatom, etc. The details of the synthesis methodolo-
gies have been given in more detail in several other articles.>***
This review primarily focuses on the defects generated using
different synthesis methodologies and their impact on the
physicochemical and photocatalytic properties of TiO,.

4.1 Defect generation under a reducing atmosphere

4.1.1 Hydrogen atmosphere. In this method, defects were
generated under a hydrogen atmosphere. Pure H, gas or
a mixture of H,/Ar or H,/N, gases and also the hydrides (such as
NaBH, and CaH,), which releases active hydrogen species, were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Overall potential energy surface from CO to CH,. Black, red, blue, and green bars and curves represent a desorption state, the most
favorable pathway for CO(A), the most favorable pathway for CO(B) and pathways after merged, respectively (reproduced from ref. 49 with
permission from the American Chemical Society, copyright 2019).

used as the hydrogen source.® The application of hydrogen The general representation of the TiO, reduction reaction in

treated defective TiO, was reported for CO, conversion by the presence of hydrogen gas can be given by the below equa-

different research groups. tion. The hydrogen reacts with the lattice oxygen of TiO, to form
oxygen vacancies and Ti*" in TiO.,.
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Fig. 8 (a) Schematic of the chemical reaction that occurred on the surface of the TiO, during hydrogenation (gray color: Tiand red color: O), (b)
FTIR spectra of non-hydrogenated and hydrogenated TiO, samples, (c) diffuse reflectance spectra of TiO, and hydrogenated samples and (d)
apparent quantum efficiency (AQE) for H,, CO and CH,4 using the TiO,-12 sample (reproduced from ref. 51 with permission from the Royal
Society of Chemistry, copyright 2019).
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