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1. Introduction

For centuries, human beings have dedicated important intellectual and eco-
nomical efforts into the generation of knowledge and development of tech-
nology, to increase quality of life. Although this has been achieved in many
ways, all this development has also brought along a serious threat to global
environmental sustainability and this is global warming. This phenomenon is
mainly affected by greenhouse gases (GHG) such as carbon dioxide (CO,),
methane (CH,), nitrous oxide (N,O), and fluorinated compounds.
Although the global warming potential (GWP) of methane and nitrous
oxide is higher than that of CO,, the last one represents more than 75%
of the total emissions. Therefore, in the last decades, there has been an
increasing concern worldwide about the capture and valorization of this
gas through its conversion to fuels. To achieve so, some strategies can be
distinguished: thermochemical, photochemical, electrochemical, photo-
electrochemical, photothermochemical. This chapter is dedicated to a
photocatalytic process, and therefore, this is further discussed.

The CO, photoconversion aims to produce value-added chemicals by
means of catalyzing the CO, chemical reduction with a semiconductor acti-
vated by a light source, preferentially sun light, in order to increase the sus-
tainability of the process. The assessed light sources vary in intensity and
wavelength (254, 365, and 450 nm, mainly). The process can be conducted
in two-phase or three-phase mode. In any of them, a reducing agent is
required and the most assessed one has been water, either in vapor or liquid
phase. The process is rather complex and the literature on this regard is now-
adays vast because there are several factors aftfecting both, the yield and selec-
tivity of the process. These factors being composition of the catalyst, catalyst
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synthesis, reducing agent, type of reactor, light source, and macroscopic
morphology of the catalyst (powders or films).

This chapter aims to present a review on the CO, photoconversion cat-
alyzed by TiO,-supported nanoparticles, copper and gold specifically, and
some nanoalloys obtained with them. Fig. 1 summarizes the main products
identified in such a process: CO, H,, CH4, CH30OH, and multiple carbon
compounds.
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Fig. 1 Chemical compounds obtained from CO, photoconversion catalyzed by
nanoparticles supported on TiO.. (Credit: Own elaboration.)

The mixture CO and H, is well known as syngas or synthesis gas and can
be directly used as fuel [ 1] or to produce hydrocarbons [2]. The conventional
ways to produce syngas are by steam-methane reforming (reaction 1) and
partial oxidation (reaction 2),

catalyst

CH4 +H20—)CO +3H2 (1)
1
CHy+ 50, = CO+3H, )

Reaction (1) is highly endothermic (206,000 kJ/kmol) while the second
reaction is exothermic (—36,000kJ/kmol) [2]. Anyway, syngas are desirable
products since they can be turned into hydrocarbons by means of the general
Fischer-Tropsch reaction (reaction 3),

catalyst

2nH, + nCO—— C,H,, + ntH,O (3)

The produced hydrocarbons (C,H,,) by means of reaction (3) are deter-
mined by the catalyst, reaction temperature, and pressure [2].
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Among the important compounds produced with syngas, there is meth-
anol (CH;OH)

Methanol production is of paramount importance as it is a versatile mol-
ecule that can be used as fuel (is the hydrocarbon with the highest hydrogen
atoms to carbon atoms ratio). Compared to fossil fuels, the use of methanol as
fuel reduces sulfide oxides emission by 99%, nitrogen oxides by 60%, and
particulate matter by 95%. It can be used in fuel cells as hydrogen carrier
and in the synthesis of various chemical compounds such as paints, plastics,
carpeting, adhesives, sealants, lubricants, and many more [3].

In the context of CO, photoconversion, the production mechanisms
and rates of the aforementioned compounds, when using copper and gold
nanoparticles on TiO,, will be revised in this chapter.

2. TiO,-supported nanoparticles

TiO, is a semiconductor that exhibits a band gap of 3.2e¢V and has been
widely applied as a photocatalyst. This is due to its low operational temper-
ature, its cost-effectiveness, abundance, nontoxicity, stability (strong resis-
tance to chemicals and photocorrosion), and suitable electronic and
optical properties [4,5]. Although the number of works related to the use
of TiO, in the CO, photoconversion reaction has been increasing, such
a number is not comparable with that where TiO5 is used as a photocatalyst
to conduct oxidation reactions.

The way TiO, acts as photocatalyst has been extensively documented and
is depicted in Fig. 2. In summary, when a photon with enough energy hits the
TiO, surface, an electron from the valence band (VB) is excited toward the
conduction band (CB), generating a positively charged hole (h ") in the former
and an electron (e”) in the latter; in such a way that water and some organic
molecules are oxidized on the holes and then some molecules, like CO,, are
reduced with the available electrons at the CB. These reactionsare constrained
by the “life time” of the pair h*-e ™, and therefore, this issue has become the
subject of several investigations. Fig. 2 also shows the plausible products that
could be obtained in the CO, photocatalytic reduction of carbon dioxide, cat-
alyzed by TiO,. These products being methane (CH,), methanol (CH;OH),
hydrogen (H,), and carbon monoxide (CO).
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Fig. 2 Mechanism and pathways of the photocatalytic reduction of carbon dioxide with
water vapor to fuels, catalyzed by bare TiO,. (Credit: Reprinted from P. Akhter,
M. Hussain, G. Saracco, N. Russo, Novel nanostructured-TiO2 materials for the
photocatalytic reduction of CO2 greenhouse gas to hydrocarbons and syngas, Fuel 149
(2015) 55—65, https://doi.org/10.1016/].fuel.2014.09.079 with permission from Elsevier.)

Fig. 3 summarizes some results obtained in the last years when conduct-
ing CO, photoreduction catalyzed by titania. The results depicted in Fig. 3
were extracted from Refs. [6—9]. The main identified products have been
CO, H,, and CH,. The depicted results correspond to different investiga-
tions under different reaction conditions (radiation source and reducing
agent), and therefore, a straightforward comparison is not plausible. Never-
theless, it is important to note the effect of the TiO, nanoarchitecture on the
production rate of the aforementioned compounds. Interestingly, the use of
TiO, nanoparticles or nanosheets seems to favor carbon monoxide produc-
tion rate over methane and hydrogen [7]. TiO, nanosheets, under simulated
solar radiation and water vapor, lead to the highest CO and CH, yields of
approximately 30 and 13 pmol/gh, respectively [7]. As can be seen in Fig. 3,
however, the yield is generally low and this has been ascribed mainly to a
relatively rapid recombination of the generated pair h'-e~. Although not
included in Fig. 3, nanotube arrays of TiO, have been presented [10] as a
promising support of metallic particles, to produce not only CO and
CH, but also multiple carbon compounds such as ethane (C,Hg), ethylene
(C,Hy) and propene (C3Hg).
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Fig. 3 Production rate of (A) carbon monoxide (CO), (B) hydrogen (H,), and (C) methane
(CH,), during the CO, photoconversion catalyzed by bare TiO,. (Credit: Own elaboration.)
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A main strategy to improve the yield and selectivity of the
CO, photoconversion toward certain molecules such as CH,, CO,
CH;0H, CH,0, and HCOOH has been to catalyze the reaction with cat-
alytic systems constituted by metal nanoparticles or metallic nanoalloys sup-
ported on the TiO, surface. In this context, it can be seen in Fig. 4 the
distribution of works dedicated to each metal. It is worth remembering that
this analysis focuses only on nanoparticles.

Fig. 4 Distribution of studies per metal nanoparticles supported on TiO,. (Credit: Own
elaboration.)

As shown in Fig. 4, the most studied metal is copper (Cu). This is because
it decreases the recombination of the pair hole (h*)-electron (e ) generated
in TiO,, is an alkaline metal that favors CO, adsorption, transfers the elec-
trons produced during the photo-activation of TiO,, and is relatively low
cost with high availability.

2.1 Copper nanoparticles and nanoalloys on TiO,

CO; adsorption proceeds readily on alkaline materials and this is one of the
reasons for the relatively large quantity of studies related to its photoreduc-
tion on Cu. Copper can be in metallic, cuprous (Cu™), or cupric (Cu®") oxi-
dation state. The reduction standard electrode potentials for copper are [6]

Cu" +e o Cu®E” = 40.159 eV (5)
Cu*" + ¢ < Cu" E’ = +0.520 eV (6)
Cu®" + 2¢” < Cu® E’ = +0.340 eV 7)

The oxidation state of copper has an effect on the h"-e ™~ recombination
process. The lower the oxidation state the higher is the restraining of the
recombination process [4]. These are summarized in Table 1 the conducted
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studies on the CO, photoreduction catalyzed by Cu nanoparticles and
copper-based alloys supported on TiO, in the last decade. As can be seen
in Table 1, the most used reaction medium is water. In this sense, two
modes of carrying out the CO, photoreduction can be distinguished within
literature, one with vapor and the other one with liquid water. This is rel-
evant because the phase of water affects the product distribution on the sur-
face of TiO, during CO, photoconversion [20—22|. Regarding product
distribution, most works focus on the quantification of CO, H,, and
CH,. Unfortunately, the production units are not homogenized, and this
makes the comparison rather complex. Nevertheless, although a mixture
of Cu"/Cu® is recommended to achieve the highest efficiency in the
charges separation [11]; the results in Table 1 suggest decorating of
TiO, with metallic copper as the most promising strategy in terms of
CO and H, yield.

When the reaction is conducted in the gas phase, the reported mech-
anism on Cu®/TiO, is summarized in Fig. 5 [4]. According to these
authors, the first steps of the CO, photoreduction process catalyzed by
Cu®/TiO, are the adsorption of CO, at the Cu-TiO, interface and the
generation of the pair hole (h")-electron (¢7), the former in the valence
band and the latter on the conduction band of TiO,, by means of light
absorption. This migration is possible due to the Fermi level of the valence
band being higher than that of Cu [23]. Then the copper transfers the gen-
erated e~ to the previously adsorbed CO; and CO is produced. An inter-
mediate step in this process is the activation of the CO, molecule by the
transferred e, thus generating the adsorbed radical-anion CO5 which is
converted in adsorbed HCO, (*HCO,) by the addition of a proton. These
are believed to be the precursor species of CO, which is produced by the
surface dissociation of *HCO,. Concomitantly, water is oxidized at the
generated valence band holes (h"). The dissociation of water may also pro-
ceed by the action of enough energetic light, like UV-C. It is important to
note that according to the calculations conducted by [4], the CO desorp-
tion step demands higher energy than the others and then is favored by the
use of UV-C light. If not enough energy is provided to the system to acti-
vate the CO desorption step, the catalyst will deactivate [4].

When the CO, photocatalytic reduction is conducted in liquid water
and under UV-C light, the products distribution changes and C2 com-
pounds appear (entry 4). Although this is also observed with the addition
of Rbh, at this point, the mechanism only with Cu will be discussed.
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Fig. 5 Proposed mechanism by Ref. [4] of CO, photoreduction with water vapor,
catalyzed by Cu®/TiO,. (Credit: Own elaboration.)

The mechanism of CO, photo-reduction catalyzed by Cu®-TiO, in
water includes the change in activation energy of CO, by reacting with
water to produce carbonic acid. This occurs via reactions (8—11) [24,25],
where the first step is the solution of CO, in water (reaction 8) and then this
dissolved CO; reacts with water to produce carbonic acid (reaction 9) that is
dissociated into anions, carbonate, and bicarbonate (reactions 10 and 11).
This process is practically instantaneous and is enhanced when using alkaline
solutions [25].

CO2 (g) = CO2 g (8)

CO; (4q + H2Op) < HoCO; (o) 9)

H>CO5 (o) < H' () + HCO’™ () (10)
HCO (,) © H (g + CO3* (1) (11)

This carbonic acid is prone to be split by chemisorption onto Cu" and
Cu®, thus producing chemisorbed CO that is later dimerized to form the
precursor of C2 compounds [24]. The production of single and multiple car-
bon compounds when using Cu/TiO, has been recently reported by [9].
According to the latter, the plausible set of reactions to produce hydrogen,
carbon monoxide, methane, methanol, acetic acid, propanol, and acetone is
depicted in Scheme 1.
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Scheme 1 Proposed reaction scheme to produce C1 and C2 compounds via
CO, photoreduction with water (liquid) catalyzed by Cu®/TiO,.

Because of its competition for electrons, the suppression of last reaction
in Scheme 1 is pursued. Water is also acknowledged to be oxidized in the
valence band holes in TiO, as reported in other works [4,26]. Although this
oxidation reaction does not consume electrons, it produces hydroxyl radicals
that are able to oxidize the produced organic compounds, resulting in a yield
decrease [18].

From reaction Scheme 1, it can be observed that the CO, photoreduction
involves the transfer of proton-assisted multielectron, and therefore, the prod-
ucts not only depend on the active sites on the TiO, surface but also on the
species in solution [9]. The role of the active sites on TiO, is to generate
the electrons necessary for reaction in Scheme 1 to proceed. Thus, the role
of Cu® is to restrain charge carriers recombination and to provide the sites
for protons chemisorption. The latter may react with methoxy groups,
O-CH,, for instance, to produce methanol [12,24]. It can be observed in
Table 1, entries 4 and 6, that with Cu-TiO; catalysts, methanol and
multiple-carbon compounds are produced only when using aqueous alkaline
solutions or when the catalyst consists of nanoalloys with metals like Pt, Au,
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Rh, or mixed with oxides like CeO, [10,18,19]. Thus, in terms of methanol
yield, the strategy that seems more promising is the use of alkaline solutions. In
this sense, however, the effect of the large area-volume ratio characteristic of
the optofluidic reactor used by [ 12] should not be overlooked. In this context,
the advantages of using reactors where the photocatalytic area-volume is max-
imized have been demonstrated, specifically using capillary reactors. This has
been conducted for both, photooxidation [27] and photoreduction [28] reac-
tions. In this context, a variable affecting the production rate is if the catalyst is
used as powder or as film. The latter leads to considerably higher production
rates of both, H, and CH,. Actually, the production rate of methane increases
up to two orders of magnitude with respect to the analogous catalyst in powder
[17]. Interestingly, the hydrogen production rate is not increased in the same
extent as that of CHy.

[t is important to note that as specified in reaction Scheme 1, protons
come from the solution, i.e., acids dissociation, and not from the water split-
ting reaction. This was demonstrated by adding a hole scavenger (sodium
oxalate) [9]. Actually, it has been suggested that format is a source of protons
not only for the reactions in Scheme 1 to proceed but also for the production
of hydrogen [4]. Although format is not usually detected, this does not nec-
essarily mean that is not formed.

As aforementioned, hydrogen evolution reaction by means of water
reduction is undesirable because it limits the yield of the process toward
other compounds. In this sense, it has been suggested that a strategy to
restrain hydrogen evolution is by adjusting the content of copper [8].
A content of copper lower than 1% will favor the production of CO
instead of Hj, since the adsorption energy of CO is higher than that
of hydrogen. Oxygen should also be taken out of the reaction system
since it 1s thought to quench the photogenerated electrons, and in con-
sequence, a decay in the CO, photoconversion products is observed
[17].

Regarding the catalyst, the following transformations are expected to
occur,

Cu® + h" — CuO/Cu,O + e~ — Cu° (12)
CuO + e — CuO + Oy/H" — CuO (13)



CO, photoconversion catalyzed by nanoparticles 431

An important variable that aftects the final properties of the catalyst is the
architecture of the supported nanoparticles. In order to modify this, the
preparation method is of great importance [29]. As seen in Table 1, the
applied preparation methods vary. From the reported ones, the chemical
reduction is the most simple one since it can be conducted at room temper-
ature and without the stage of calcination, and from a sustainability point of
view, this method might be a promising one since this process does not
imply as much energy as the thermal one where there is a high energy con-
sumption during the calcination stage [30,31]. Nevertheless, the environ-
mental impact derived from the use of energy coming from fossil fuels
can be overcome by using renewable energy sources like solar or wind
energy [32—34|. With this in mind, one can focus on the resulting chemical
and physical characteristics attained by a specific synthesis method. In this
sense, the use of Hj to chemically reduce the copper species not only affects
copper oxidation state but also titania surface by producing OH groups
attached to the surface by hydrogen bridge bonds, thus producing
Ti*"-OH when the calcination temperature is above 400°C [17]. These
hydroxylated sites and Ti** — O® are believed to intervene in the following
reactions [17,35],

Ti*" — OH + CO, — HCO; (14)

Ti*" — O* + CO, — CO3~ (15)

Since the addition of Cu to TiO, has been shown to lead to increased
yields of the products from CO, photoconversion, the Cu content has
become an important variable to assess in this process. It has been demon-
strated that more copper content does not imply higher yields toward CO
and CH,, and this has been ascribed to an aggregation of particles and to a
light shield effect of excessive Cu [8,12]. Therefore, low copper content
(<1%) is recommended. When combined with other metals (Me), the ratio
Cu/Me is an important parameter to be optimized since it directly impacts
the product yield and selectivity [35].



Table 1

Studies on the CO, photoreduction catalyzed by Cu nanoparticles and alloys supported on TiO,.

Preparation Particle size Production rate
Entry  method range (nm) Reaction conditions Phase (pmol/gh) Reference
1 Precipitation- 4 Simulated sun light Cu'-Cu®/TiO, CO: 25 pmol/g [11]
calcination (150W) 3.04eV CHy: 4.4pmol/g
under Water vapor
H, atmosphere
2 Impregnation and | 5 UVC (8W) 1% Cu®/TiO, CO: 334 [4]
calcination ‘Water vapor (111)/(101) H,: 452
under TiO, CO: 160
H, atmosphere H,: 0.0
3 Solvothermal 5-10 Xe lamp (300W) 0.5wt% Cu/TiO, CO: 325 [8]
method H,: 450 pmol/g
TiO,
CO: 6.2
4 Chemical 7.85 Sodium oxalate 30% Cu®-TiO, H,: 1690 pmol/g [9]
reduction 0.1 M) CO: 500 pmol/g
UvC (9OW) CHy: 90 pmol/g
CH;OH: 59.6 pmol/g
C3HgO: 80.20 pmol/g
CH;COOH:
105.47 pmol/g
C3HgO: 44.12 pumol/g
H,O 30% Cu®-TiO, H,: 27.40 pmol/g
UveC (9OW) CO: 2591 pmol/g

CHy: 6.15pmol/g
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Continued



Table 1

Studies on the CO, photoreduction catalyzed by Cu nanoparticles and alloys supported on TiO,—cont'd

Preparation Particle size Production rate
Entry method range (nm) Reaction conditions Phase (umol/gh) Reference
10 Photo-deposition 0.5-3 (Av. 1.5) Xe lamp (200 W) TiO, H,: 0.5 [6]
(simulated sun- CO: 0.0
light) CH,: 0.0
CH;0H: 0.0
Cu,O/TiO, H,: 2
CO: 0.0
CH,: 0.0
CH;O0H: 0.0
Cu-Pt/TiO, H,: 5
CO: 15
CHy: 0
CH;O0H: 0.1
11 Co-precipitation 20-50 Xe lamp (300W) Cu,O CHy: 1.35 [16]
12 Deposition- 5 Xe lamp (150W) TiO, Hy: 2 [17]
precipitation Simulated sun light CH4: 0
Water vapor Cu/TiO, H,: 16
CHy,: 40
Au/TiO, H,: 34
CH,: 32
(Au,Cu)/TiO, H,: 16
CH,: 44
13 Solvothermal 5-8 UV-Vis light (Xe Augy CHy: 421.2 [10]
method and lamp) Cu@STO/ C,H,, C>Hg, CsHg:
anodic Reducing agent: TiO, (film) 304.2
oxidation N,H4H>O




14 Vacuum-thermal
evaporation
and
condensation
15 Impregnation of
Cu?"and C*
and pyrolysis of
MOF MIL-
125-NH2

5-20

Cu (atomically
dispersed)

UV radiation
5% H,O/95%
CO,
Vis light
Simulated solar light
(Xe lamp)
320-850nm

CUSo—Rhso

Cu/Ce0O,-TiO,

CH,OH: 1.85

C,H,: 451
CH,: 1.5
CO: 3.65

[18]

[19]

NR, not reported.
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It can also be observed in Table 1 that Cu is added to the TiO, also as
Cu,O. The anchoring of Cu,O to the TiO, surface brings the following
advantages under sun-light simulated irradiation:

* Hole-electron pairs are generated in both semiconductors, TiO; and
Cu,O [15,16].

+  Shifts the absorption edge of TiO; from 389 to 800nm [16].

* Charges recombination is reduced [15,16].

* The oxidation potential of photo-generated holes is reduced (this exerts
a similar effect than the use of sacrificial agents, i.e., methanol,
glycerol) [15].

Fig. 6 illustrates the CO, photoreduction catalyzed by Cu,O/TiO,. In this
figure, the energy levels for both semiconductors are depicted. In this case, a
p-n heterojunction is produced since Cu,O and TiO, are p-type and n-type
semiconductors, respectively [16]. In this way, an efficient separation of
photo-generated charge carriers is expected. This has been demonstrated
to be advantageous in other types of photocatalytic reactions such as hydro-
gen production from water splitting. For these materials to be efficient, the
well-aligned band edges of TiO; and Cu,O are key [15].

b CH, (-0.24 V)|

, (+0.81V)

Fig. 6 lllustration of CO, photoreduction catalyzed by Cu,O/TiO,. (Credit: Reprinted from
G. Yang, P. Qiu, J. Xiong, X. Zhu, G. Cheng, Facilely anchoring Cu20 nanopatrticles on
mesoporous TiO2 nanorods for enhanced photocatalytic CO2 reduction through
efficient charge transfer, Chin. Chem. Lett. (2022), https://doi.org/10.1016/j.cclet.2021.
10.047 with permission from Elsevier.)
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As can be seen in Table 1, when decorating TiO, with Cu,O, the main
reported formed products are methanol [14], hydrogen [6], and methane
[15,16]. During the photocatalytic process, the Cu,O is oxidized toward
CuO by transferring electrons from its conduction band to the
TiO, conduction band [6].

Finally, there are the catalysts where copper is combined with other ele-
ments like Ag, Pt, Au, Rh, and Co. This combination leads to changes in
optical and electronic properties, reflected in different catalytic activities
and therefore product yield and selectivity. Take as an example, entry 6
in Table 1, where it can be observed that the combination with silver
increases the hourly production of methane with respect to copper or silver
alone. The production of carbon monoxide is also increased albeit at difter-
ent extent than methane. This has been attributed to the surface plasmonic
resonance effect (SPR) of silver, located at 420—450nm [13,36], that results
in visible light absorption enhancement that translates in an increased elec-
tron flow from silver to the TiO, conduction band, and these electrons
migrate to Cu and reduce the already adsorbed CO, [7]. Thus, in this case,
electrons generation is photo-induced on silver and TiO,. When these elec-
trons are transferred to copper, they are available to conduct the reactions
depicted in Scheme 2 [7]|. According to this reaction scheme and as in
the above discussed studies, the first steps are the generation of electrons
and the adsorption of carbon dioxide onto copper, then the transfer of elec-
trons begins producing the carbon dioxide radical anion CO5 " that can react
with hydroxyl radicals to produce bicarbonate anions and can also react with
another carbon dioxide radical anion to produce carbonate anions. These
two chemisorbed species are then reduced by the addition of protons and
electrons until methane is formed [7]. The preferred form of adsorption is
bidentate carbonate (b—COj3). This suggests that the reduction of
CO; occurs at the photocatalytic surface. This is controversial since there
are works that suggest HCO; being the specie that is adsorbed and trans-
formed into valuable chemicals.

The aforementioned supports the fact that the methane production rate
will be impacted by the composition of the metallic particles on the
TiO, surface [13].
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H* + e
+ HO*
HCO,
/ H*+ e~
20H' /
CO,+e” —> CO,*" cCO—>¢C
2H +2e” \
Ny CO," OH
+ CO,*"
ZOH‘
H*+ e~ H*+e™ H*+ e~ H*+ e
C > *CH > CH, *CH, CH,

Scheme 2 Reaction pathway to produce carbon monoxide and methane by the
CO, photoreduction catalyzed by Ag/Cu-TiO,. (Credit: Own elaboration.)

The addition of other species, such as CeO,, results in an improvement
of CO, adsorption compared to TiO, added only with Cu [19]. In this type
of material, where Cu is atomically dispersed, the production of ethylene has
been reported [19] to proceed via the following mechanism:

H,O — H" + OH™ (16)
*+COy+e (—*CO,—)+H"—*COOH (17)
*COOH+e™ +H"— "CO +H,O (18)
*CO+"CcO—"Ccoco (19)
*COCO +8e™ +8H" — C,H, +2H,0 (20)
20H™ +2h" - H,0, (21)

In this case, Cu®" (0 <8< 1) has been proven to be the active sites neces-
sary for the C-C coupling between adjacent chemisorbed CO molecules [37].
It is also interesting to note that the production of H,O5 is acknowledged. In
the context of chemical reduction, thisis asa drawback, since the combination
of a transition metal with light and hydrogen peroxide is excellent to conduct
oxidation reactions via a photo-Fenton like mechanism (Cu and light catalyze
the H,O, dissociation into hydroxyl radicals [38,39], which practically
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“burn” any organic compound due to its high oxidation power, 2.8 V). Thus,
this fact might lead to the decrease in the organic molecules yield.

The yield decrease of the formed organic compounds has been docu-
mented in other works and is also ascribed to the formed oxygen [13]. Meth-
ane, however, accumulates because its oxidation is unlikely [13].

Methanol was also observed when Rh 1s combined with Cu in a 50-50
ratio (entry 13, Table 2). It is worth noticing that Rh improves the disso-
ciation of CO,. One problem with using Rh, though, is that it oxidizes
and loses activity. In the nanoalloy Cu-Rh, Cu is believed to act as a sacri-
ficial anode thus limiting Rh oxidation [18].

When copper is combined with platinum (entry 10, Table 1), the pro-
duction of carbon monoxide and methanol is enhanced compared to that
using Cu,O alone [6]. Actually, CO appears when Pt is added in the system
studied by Liu et al. [6], and it increases about 40% when a solution of
sodium bicarbonate is used instead of only water. Fig. 7 depicts the
photo-generated carriers when adding Pt to a Cu/TiO, catalyst and also
having the presence of cuprous oxide on the TiO, surface, in such a way
that the catalytic system Cu-Pt/TiO,-CuO is produced. This system
exhibits two types of sites: Cu-Pt for electron capture to conduct reduction
reactions like CO, photoconversion and CuO for holes capture to conduct
oxidation reactions like water splitting. In this sense, it has been postulated
that the oxidation ability of the catalyst determines the extent of the photo-
catalytic CO, reduction by water [51,52]. The main disadvantages of adding
Pt are price, availability, and that it deactivates with CO.

(b)

Fig. 7 Cu-Pt/TiO,-CuO: (A) HRTEM. (B) Photo-generated carriers migration. (Adapted
from J. Liu, M. Liu, X. Yang, H. Chen, S.F. Liu, J. Yan, Photo-redeposition synthesis of
bimetal Pt-Cu co-catalysts for TiO2 photocatalytic solar-fuel production. ACS Sustain.
Chem. Eng. 8 (2020) 6055—64, https://doi.org/10.1021/acssuschemeng.0c00969 with
permission from the American Chemical Society.)
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Another element that has been widely used in monometallic form or in
combination with copper is gold. As seen in Table 1, this combination pro-
motes the selectivity toward H, and CHy, and the photo-response is also
enhanced. Fig. 8 depicts the effect of irradiation wavelength on the surface
phenomena that leads to different product distributions. When wavelength
is smaller than 380 nm, i.e. UV light, the expected excitation of one e~ from
the valence band to the conduction band in anatase occurs. This electron is
then captured by the nanoalloy, thus promoting hydrogen generation and
CO; reduction. When only visible light is used, the electrons are generated
by the plasmonic effect of Au, in a similar fashion than with Ag, and they can
be excited toward the conduction band of anatase, thus electrons are avail-
able for reaction at the metallic nanoparticles and at the titania surface. Nev-
ertheless, the generated electrons prefer to reduce oxidized copper than
migrate to the conduction band of titania [17]. It is important to note that
CH, was only observed under Vis light. H, was observed at both

H+
H,
UV light TiO, Bandgap
H,0
% O, + 2H*
hv
Visible light

CB

TiO, Bandgap | —————> 702 Bandgap 2 0y + 2H*
U
_e +H" —e"+H"
0=C=0 —>O—'C_O —)CO—)CO —>C
+ + + e *
c.& +H,CHe +H* CH, e+H,CH3 +H:CH4

Fig. 8 Effectof the irradiation wavelength on product distribution of CO, photoreduction
catalyzed by Au-Cu/TiO, and proposed route for methane formation. (Reprinted with
permission from S. Neatu, J.A. Macid-Agullo, P. Concepcion, H. Garcia, Gold-copper
nanoalloys supported on TiO2 as photocatalysts for CO2 reduction by water, J. Am. Chem.
Soc. 136 (2014) 1596976, https://doi.org/10.1021/ja506433k, American Chemical Society.)
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wavelengths, at different rates though [17]. Fig. 8 also depicts the plausible
methane generation pathway that coincides with the carbene-type pathway
[53]. It is worth noting that CO desorption is favored in gold since the acti-
vation energy of this step is lower than in copper, 38 and 65 kJ/mol, respec-
tively [10,54,55]. To activate the CO desorption from Cu, the use of highly
energetic lamps is recommended.

In summary, it can be said that metallic nanoalloys allow the electrons
transfer between metals [10,17,56] and limit the electrons backflow to the
semiconductor [10]. When using nanoalloys, the ratio of metals also impacts
the product distribution and thus the selectivity. Thus, special care should be
taken on optimizing such a ratio.

An opportunity area to improve the yield toward methane, for example,
is the use of different reducing agents to water. In this context, hydrous
hydrazine (N,H4-H>O) has been proven to be an alternative as it increases
methane production rate up to seven times with respect to water and inhibits
catalyst deactivation [10]. This source of protons also allows the production
of C2 and C3 compounds, i.e., C:Hg, CoH, and C3Hg, through a
dimerization-based mechanism that acknowledges the following steps [10]:
(1) CO; adsorption and reduction
(2) Generation of protons from N,H,4-H,O
(3) Dimerization
(4) Dimer further reduction
(5) Methyl addition and further reduction
(6) Dehydration
The eftect of the nanoarchitecture of both, catalyst and support, has been
evidenced through different works. From these studies, it can be concluded
that nanotube arrays of titania, electrochemically obtained, importantly
enhance the production carbon compounds [10].

2.2 CO, photoconversion catalyzed by gold nanoparticles
on TiO,
Gold (Au) is a noble metal that is usually inert to a variety of molecules; this,
however, changes with the right size (nanometric) and with the proper
support [57]. The studies related to CO, photoconversion catalyzed by
Au NPs/TiO;-based catalysts are summarized in Table 2. An important
characteristic of this noble metal to conduct the mentioned process is its
reactivity toward carbon monoxide and oxygen at low temperature [57].
According to the results summarized in Table 2, there are various
methods that have been assessed to obtain nanometric gold. Within these
procedures, the one that allows synthesizing the smallest gold particles is
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the precipitation method (entries 6, 7 and 10). This method allows obtaining
Au NPs as small as 1.9nm [45]. Briefly, in this procedure, an aqueous solu-
tion of HAuCly-3H,O with a suitable concentration of Au is adjusted to a
pH of 610 (usually with urea), and subsequently, TiO, is added under vig-
orous stirring for 2h at 70°C. The mixture is kept under stirring overnight,
and finally, the solid is filtered, dried at 100°C, and calcined at 200°C for 4 h
[45]. The precipitation pH directly affects the particle diameter of Au.
Below pH4, AuCly ion is formed and this leads to particle size between
5 and 20nm; while above pH6, the predominant gold specie is
Au(OH),Cl,;_, and it is worth noting that the effect is not as significant
and a particle size lower than 5nm is expected [57]. There are some variants
of this method in the temperature at which precipitation is conducted; 90°C
can be used instead of using 70°C and also reaction time than can vary
between 2 and 4h. Calcination also may range between 200°C and
400°C [17,44—406].

Another commonly used method to nanoparticles synthesis is by chem-
ical reduction. This is a rather simple method, where a metallic salt is dis-
solved in an aqueous dispersion of the support and a reducing agent like
NaBHy, is added [58]. An advantage of this method is that usually eliminates
the stage of calcination [59]. Nevertheless, in the case of gold NPs synthesis,
a more complex method based on reduction with NaBH, has been applied
[40]. In such a study, in a typical synthesis, a solution of noble metal precur-
sors was incorporated into the support in Au/Pd weight ratios of 3, 1, and
1/3. The mixture was then fed to a membrane reactor concomitantly with a
NaBH, solution and under H, flow. As the NaBH, was consumed, more
hydrogen gas was bubbled into the reactor. Finally, the material was filtered,
dried, and calcined at 400°C. The AuPd nanoparticles exhibited high dis-
persion on the support surface with AuPd particle sizes of 3.3-3.9nm.
The samples presented surface areas of 60m>/g, porosity of 90%, presence
of anatase/rutile phases with crystal sizes around 20 nm and absorption bands
in the visible region at 530nm. Au", Au™, and Au™> species were identified
in the materials by XPS analysis. An important characteristic of this material
was the architecture of the utilized TiO,, a three-dimensionally ordered
macroporous, also known as inverse opals that are known to improve light
harvesting [40,60,61]. This has also been applied by Wei et al., who obtained
Au@CdS nanoparticles on inverse opal TiO, using the reported methodol-
ogy in [41]. The nanoparticles were well dispersed on the inner wall of the
support with different Au/Cd molar ratios. The Au loading in the material
was 3-3.3wt%. The solid exhibited an anatase structure with a crystal size
around 20nm. The size of the Au particle was 3.5nm and the material
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presented surface areas between 51 and 54m?>/g. Absorption in the visible
light region (450-650nm) was observed.

Impregnation is not usually a recommended method to obtain Au NPs
because it is not related to a high Au dispersion, unlike with other metals like
Pd or Pt [57].

Khaletskaya et al. synthesized Au nanoparticles supported on the
TiO, surface through the pyrolysis of Au/NH,-MIL-125 (Ti-containing
metal-organic structure) nanocrystals [50]. The metal-organic structure
was treated by pyrolytic decomposition at 450°C under oxygen for 2h to
obtain the Au/TiO, material. The solid exhibited a combination of
anatase-rutile crystal phases and a surface area of 19.8 m*/g. Au nanoparticles
were found distributed on the support.

Other procedure is the pulsed anodization technique used by Zeng et al.
[22] to obtain TiO; nanotubes. Once obtained, the gold nanoparticles are
deposited by magnetron sputtering without substrate heating. The position
rate was 7.4nm/min at a chamber pressure of 7mTorr. The loading of the
nanoparticles was estimated at 85 pg per sample. Finally, the samples were
annealed in a tube furnace at 525°C for 30min. The prepared material
showed anatase/rutile phases with gold nanoparticles (diameters ranging
from 3 to 7nm) homogeneously distributed on the TiO, walls.

In all cases shown in Table 2, the absorbance band of the synthesized
catalysts varies between 450 and 700 nm. This means that can be used to
conduct reactions under Vis light. Because there is TiO, in the catalyst,
however, it is recommended to use the whole sun-light spectrum
because TiO; is excited by wavelengths lower than 380 nm. The inten-
sity of the absorbance band relates to both, particle size and metallic
content [59].

In the studies related to the application of Au nanoparticles/TiO, to
photo-catalyze the CO, conversion, the main identified products have been
CO, CHy, and H,. Depicted in Fig. 9 is the production rate of these com-
pounds as a function of the assessed catalyst. These studies were conducted
by different research groups around the globe and therefore under different
reaction conditions; thus, this figure intends to visually show what catalyst
leads to the highest production rate of each of the above-mentioned gases.
The outcome should be taken care, since in some cases, the results are not
necessarily by the effect of the catalyst but by the effect of the electron donor.
The results for methane were split into two graphs, Fig. 9A and B, according
to the corresponding value. The values higher than 50 pmol/gh are in
Fig. 9B. All the results plotted in Fig. 9 were the maximum reported by ref-
erences listed in Table 2.
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Fig. 9 Effect of type of catalyst on production rate of (A) and (B) methane, (C) carbon
monoxide, (D) hydrogen.

In the context of CH, production, it can be observed in Fig. 9A that
most of the assessed catalysts lead to methane production rates lower than
100 pmol/gh. It can also be observed in Fig. 9B that the highest production
rate (2200 pmol/gh) is obtained with the Au-Cu/TiO, catalyst (entry 9,
Table 2). The peculiarity of this catalyst is being coated as film instead of
being used as powder, and therefore, the main reason for the high produc-
tion rate is the large area/volume ratio. Another key parameter is the ratio
Au/Cu. For the results shown in Fig. 9, an Au/Cu ratio of 2/1 was used.
This catalyst used as powder also outstands in the production of methane
since this was obtained at a rate of 44 umol/gh (see Fig. 9B). The catalyst
was obtained by deposition-precipitation and the resulting Au-Cu/
TiO, material presented a good distribution of Au-Cu nanoparticles with
average particle sizes of 5nm. The material was prepared in two stages: in
the first one Au was loaded on the titania by means of an aqueous solution
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of HAuCly adjusting the pH to 8.5, then it was stirred for 5h at 75°C, fil-
tered, washed, dried under vacuum at 80°C, and calcined at 400°C for 2h.
In the second stage, the obtained Au/TiO; powder is added to an aqueous
solution of Cu(NO3), and then the same steps for gold deposition were fol-
lowed [17]. It has been postulated that for this catalyst the photoreduction
begins with the absorption and distribution of reactive species (CO, and
H,O), generation of the e /h" pair, and CO, activation by one electron
to form surface CO,"~ . Subsequently, the reduction is carried out by a series
of steps that involve the h* /e ™ transfer, which leads to the formation of C-H
bonds through the cleavage of C—O bonds [17].

Another system that has reported improvements on CH, production rate
is the catalyst Au-Cu/SrTiO3/TiO; (entry 1, Table 2). At this point, it is
worth noting that SrTiO3 was the first catalyst to be tested in the photoca-
talytic reduction of CO5, in 1978 by Somorjai’s group [22,62]. By using Cu/
SrTiO3/Ti0O,, a CH, production rate of 421 pmol/gh has been obtained
[10], albeit with a reducing agent different to water, i.e., hydrous hydrazine
(N,H,4H,0). With water, the methane production rate was 54.3 pmol/gh,
which is the second highest when using water as electron donor. Both results
were obtained with a 0.75% of gold, which was not the highest assessed con-
tent. This highlights the importance of optimizing the ration Au/Cu. This
catalyst was prepared by a microwave-assisted solvothermal method. An
important step in this method is the removal of residual carbon from the sur-
face by calcination at 500°C. The resulting material exhibited nanotube
array morphology, with a uniform distribution of the Au-Cu species on
the support (nanoparticle size of 5.14—7.78 nm), as well as the presence of
anatase crystalline phase and an absorbance band at 570 nm. It is important
to mention that in the referred study, it was established that the content of
Au promotes the formation of hydrocarbons instead of CO. This has been
ascribed to the lower adsorption energy of CO on gold than in copper.
Another important result is the fact that the change of reducing agent exerts
a greater impact on hydrocarbons production than the addition of SrTiOs,
for instance.

Regarding CO, it can be observed in Fig. 9C that the best results in terms
of production rate were obtained when using the system Au/TiO,/
SiO, (entry 10, Table 2). In this material, TiO, nanospheres were grown
on silica and then Au nanoparticles were loaded. To achieve so, the catalyst
was prepared [47] by dispersing TiO,/SiO, in water with ultrasound and
with a solution of HAuCly-4H,O (1 wt%) and urea. The suspension was vig-
orously stirred at 90°C for 4h and then the solid was separated by
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centrifugation, washed with ultrapure water, dried at 80°C under vacuum,
and calcined at 300°C in air. The resulting material showed a uniform and
well-dispersed loading of the Au nanoparticles with the particles size ranging
3-5nm. The TiO, presented the characteristic anatase phase. The experi-
ments with this material were conducted under simulated sunlight
(300W Xe lamp) and a CO,/H,O stream. The obtained CO production
rate with this catalyst was ca. 15pmol/gh. However, when using Cu/
SrTiO5/TiO,, one can achieve a CO production rate two orders of mag-
nitude higher than that reported by [47]. This should not only be ascribed to
the different catalyst solely but also to the use of an electron donor different
to water, i.e., hydrous hydrazine. The actual CO production rate with this
catalyst was 3770 pmol/gh [10]. This result is not shown in Fig. 9 because its
magnitude did not allow a proper observation of the other results.

Other promising results were those obtained by Zeng et al. [22]; the
obtained production rates for CH, and CO were 302 and 323 pmol/gh,
respectively. The used catalyst was Au/TiO,. In this work as in the others
catalyzed by metal particles, the methane is expected to be produced by
either a carbene- or formaldehyde-type mechanism [22,53].

3. Concluding remarks

Low selectivity and the competing reaction of hydrogen evolution are two
problems in CO, photoconversion. This will depend on the type of nano-
catalyst, catalyst and support nanoarchitecture, reducing agent and irradia-
tion wavelength. The addition of copper or gold nanoparticles to the
TiO, surface enhances the production rate of carbon monoxide and meth-
ane. These rates have achieved three orders of magnitude in both cases. Such
a production rate is only achieved when gold and copper are combined into
an alloy nanoparticle at the TiO, surface and when another than water elec-
tron donor is used. With water only and with a single metal on the semicon-
ductor surface, copper outperforms gold and the production rate of both,
cartbon monoxide and methane, falls to two orders of magnitude.
A relative high production rate is also obtained when films instead of pow-
ders are used.

One of the factors responsible for the enhancement in production rates is
that the charge carriers’ recombination is inhibited by the addition of metal-
lic nanoparticles or nanoalloys. When using nanoalloys, however, the ratio
of metals also impacts the product distribution and thus selectivity.



Table 2

Preparation method and properties of catalysts based on TiO,-supported Au nanoparticles.

Preparation Au content (particle  Crystalline
Entry  method Catalyst size) phase Surface area Optical properties Reference
1 Solvothermal Au-Cu/SrTi03/ 0.4 wt% Anatase - Absorbance band [10]
TiO, (5.14-7.78 nm) at 570nm
2 Chemical AuPd/ 0.9-3.4wt% Anatase/rutile 60m>/g Absorbance peak [40]
reduction 3DOM-TiO, (3.3-3.9nm) at 530 nm
3 Au/CdS/TiO, 3.0-3.3wt% Anatase 51-54 mz/g Absorbance: [41]
(3.5nm) 450-650nm
4 Deposition Au/TiO,/CoO Mass ratio: 0.5-5.0 | Anatase 31.1m%/g Absorbance peak [42]
at 554nm
5 Au-Pd/TiO, 2.3wt% (5nm) Anatase 306m*/g Absorbance peak [43]
at 532
6 Deposition- Au/TiO, 1wt% (3nm) Anatase - Absorbance peak [44]
precipitation at 604nm
7 Au/TiO, 0.5-3.0wt% Anatase 111.1-122.7 1112/g Absorbance band: [45]
(1.9-3nm) 450-600 nm
8 Au/TiO, 0.097-1.054 wt% Anatase 32.47-63.67 mz/g - [46]
(10.8 nm)
9 Au-Cu/TiO, Au/Cu weight Anatase/rutile — — [17]
ratio: 1/2, 2/1
(5nm)
10 Au/TiO,/810, 1wt% (3—5nm) Anatase - - [47]
1 Pt/ TiO,/ (426 nm) Anatase/rutile - Absorbance peak [48]
SiO,@Au at 530nm
12 Wet chemical Au/TiO,/BiVO, Au/BiVO, molar Anatase 11.6 mz/g Absorbance band [49]
ratio: 2% at 660 nm
(10nm)
13 Pyrolysis Au/TiO, 39.1mg of Anatase/rutile 19.8m?/g - [50]
precursor
14 Pulsed Au/TiO, 85 pg per sample Anatase/rutile - Absorbance band: [22]
anodization (3—7nm) 350-550nm
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Regarding the eftect of the radiation source wavelength, methane is not
observed with only UV light. Besides, TiO, is subutilized when only Vis-
light is applied.

The deactivation of copper-based catalysts is ascribed to the oxidation of
metallic copper when water is used as reducing agent, also to the carbon
monoxide chemisorption. If an energetic enough lamp is not utilized, then
the CO desorption is not activated thus limiting or even inhibiting the
whole process.

The strategies that have worked to improve the effectiveness of photo-
catalysts in the CO, reduction are use of nanotube arrays of TiO,, develop-
ment of heterostructures to improve charge separation, use of nanoallys,
using films instead of powders, using electron donors different to water,
and the use of the whole sun-light spectrum. It is advised to remove
O, from the reaction systems, using a selective membrane perhaps. Little
work has been conducted related to the effect of textural and physicochem-
ical properties like amount and strength of acid and basic sites on the catalytic
surface.
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