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Materials and Mechanisms of Photo-Assisted Chemical
Reactions under Light and Dark Conditions:
Can Day-Night Photocatalysis Be Achieved?

M. Sakar, Chinh-Chien Nguyen, Manh-Hiep Vu, and Trong-On Do*®

The photoassisted catalytic reaction, conventionally known as
photocatalysis, is expanding into the field of energy and envi-
ronmental applications. It is widely known that the discovery
of TiO,-assisted photochemical reactions has led to several
unique applications, such as degradation of pollutants in water
and air, hydrogen production through water splitting, fuel con-
version, cancer treatment, antibacterial activity, self-cleaning
glasses, and concrete. These multifaceted applications of this
phenomenon can be enriched and expanded further if this
process is equipped with more tools and functions. The term
“photoassisted” catalytic reactions clearly emphasizes that pho-

1. Introduction

Research into energy and environmental concerns has in-
creased in recent years more than ever before."? Of various
strategies to address these concerns, photoassisted catalytic
processes play vital roles.®™ It is not an exaggeration to state
that photoassisted chemical reactions are a promising phe-
nomenon that could be employed for several applications,
such as environmental cleaning through degradation of vari-
ous pollutants, production of hydrogen through the water-
splitting process, and fuel conversion.”® In this context, mate-
rials are the key factors to manifest the required phenomenon
to successfully achieve the target applications. In brief, the
phenomenon of photoassisted chemical reactions involves the
absorption of light and the separation of excitons to produce
potential redox species to perform the reduction and oxidation
reactions.”’ For this to happen effectively, the photoactive ma-
terials require 1)a suitable band edge position, 2) a narrow
band gap energy, 3) improved charge separation and transpor-
tation, 4) enhanced recombination resistance, and 5) effective
interfacial interactions."*'?

Among these criteria, the prime focus has been on the de-
velopment of materials with tunable band gap energies and
band edge positions in such a way to produce the required
redox species and, essentially, to absorb full-sunlight energy,
which is the UV/Vis/near-IR (NIR) range of the solar spec-
trum."¥ Although the established photocatalytic material TiO,
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tons are required to activate the catalyst; this can be tran-
scended even into the dark if electrons are stored in the mate-
rial for the later use to continue the catalytic reactions in the
absence of light. This can be achieved by equipping the pho-
tocatalyst with an electron-storage material to overcome cur-
rent limitations in photoassisted catalytic reactions. In this con-
text, this article sheds lights on the materials and mechanisms
of photocatalytic reactions under light and dark conditions.
The manifestation of such systems could be an unparalleled
technology in the near future that could influence all spheres
of the catalytic sciences.

is UV-light driven, the emergence of visible/full-sunlight-driven
photocatalytic materials in recent years is gaining momentum
in their design and development for photocatalytic applica-
tions.""® The quest to explore such materials is to utilize the
earth-abundant light energy source, sunlight. Moreover, the in-
dustrial-scale development of such a light source is also a
straightforward strategy to perform photocatalytic reactions in
controlled and portable environments. Notably, solar energy
that falls upon the earth consists of 5, 45, and 50% UV, visible,
and NIR energies, respectively."” In the photocatalytic process,
the band edge positions of the valence band (VB) and conduc-
tion band (CB) are of foremost importance in designing a pho-
tocatalyst (PC). Figure 1 shows various redox conversions and
their respective potential on the scale of a normal hydrogen
electrode (NHE).'® The most challenging and interesting factor
in designing a full-sunlight-driven PC is to control both the
band edge position and band gap energy.”” However, these
two factors overlap with each other and are mutually exclusive
in achieving a PC with a tunable band edge position and
narrow band gap energy. Nevertheless, this can still be ach-
ieved by the appropriate fusion of materials with specific char-
acteristics of harvesting UV, visible, and NIR energies.””
However, currently there is a paradigm shift in the field to-
wards developing photocatalytic materials to perform photoca-
talytic reactions under both light and dark conditions, which is
“day-night” photocatalysis, otherwise known as “round-the-
clock photocatalytic reactions”, as evidenced from the litera-
ture discussed herein. Apart from the fundamental require-
ments for photocatalysis, there is one more component, which
is known as the electron-storage material (ESM), primarily re-
quired to allow a PC to catalyze a reaction under dark condi-
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tions.”” The mechanism of the ESM involves the storage of
electrons by forming an intermediate compound during the
catalytic reactions under light irradiation, and reverting to re-
lease the electrons in the absence of light. Briefly, under light
irradiation, electrons are photoexcited from the VB to the CB
and involved in photocatalytic reactions, whereas excess elec-
trons are stored in the ESM. These stored electrons continue
the photocatalytic activity through cathodic reactions in the
absence of light. Thus, the ESM is photocharged under light ir-
radiation and auto-discharged in the absence of light. It should
be noted that in these processes only electrons are involved in
the reactions and the holes in the VB are mostly promoted to
the surface of the PC and perform some oxidation reactions,
such as the oxidation of water. Therefore, day-night photoca-
talysis can be achieved by combining 1) a PC and 2) an ESM. In
this context, herein, we provide a perspective on the materials
and mechanisms of the day-night PC and its photocatalysis
phenomenon.

2. Components and Mechanism of the
Day-Night PC

As aforementioned, a day-night photocatalytic system is gen-
erally composed of two kinds of materials: 1) any typical PC
and 2) an ESM. The PC will harvest energy by absorbing light,
as dictated by its band gap energy, and promotes charge carri-
ers for photocatalytic reactions. Among the number of elec-
trons excited, electrons with the potential of performing reduc-
tion reactions are involved in the photocatalytic activity,
whereas the excess electrons are transferred to the ESM for
later use. On the other hand, separated holes in the VB per-
form surface reactions. The storage of electrons is possible be-
cause of the intermediate cationic formation of the ESM or the
host PC itself (in some cases), which is essentially a charge-dis-
charge-like reaction. The storage of electrons occurs if the pro-
cess of electron excitation is ON under light irradiation. As
soon as light irradiation or the charging process is stopped,
the reaction becomes opposite and discharges stored elec-
trons, so that they are involved in photocatalytic processes.
Accordingly, there are typically three kinds of electron-storage
mechanisms perceived in the day-night photocatalytic pro-
cess, of which the mechanism that is occurring depends upon
the types of materials involved.

2.1. Reductive mechanism

Materials such as TiO,—WO; store electrons through reductive
reactions,*""?? with the formation of an intermediate reversible
product, as described in Equations (1)-(3), in which TiO, func-
tions as a PC and WO; as an ESM.

TiO, + hv — TiO,* (e~ +h*) (1)
2H,0+4h" — 0, +4H* (2)
WO, +xe” +xH" — HWO, (3)
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Figure 2. Reduction mechanism mediated electron storage in the TiO,—~WO; system.

As the system is irradiated with light, electrons and holes
are photogenerated [Eq. (1)]. Furthermore, holes are promoted
to the surface of TiO,, where they react with adsorbed H,0O/
humid air or other electrolytes and produce O, and H™ (in the
case of H,0) or M* (in the case of other electrolytes; M can be
Li, Na, K, Rb, Ca, Sr, Ba, Al, In, Tl, Sn, Pb, Cu, Ag, Cd, rare-earth
elements, or NH,"),*® as given in Equation (2). On the other
hand, available photoinduced electrons facilitate the intercala-
tion of H® or M* ions into WO,, through which a chemically
reversible intermediate compound is formed [Eq. (3)]. HT is
the only available cation in pure water, but it can also be M™ if
an electrolyte is used instead. Figure 2 depicts the mechanism
of reductive storage of electrons under light irradiation and re-
lease of electrons in the dark.

Figure 3. Oxidative energy storage through a) the p-n junction model and b) mediator model.
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2.2. Oxidative mechanism

Energy can be stored in two different approaches
through the oxidative mechanism: 1) the p-n junc-
tion model and 2) the mediation model.?” In the
former, a redox-reaction-active p-type semiconductor
is coupled with an n-type semiconductor to form a
p-n junction. Upon excitation, holes will be trans-
ported to the p-type semiconductor for oxidative
storage, in which electrical neutrality will be main-
tained by the intercalation of anions or deintercala-
tion of cations; thus the oxidative energy will be
maintained stably. In the second model, an oxidant is
photocatalytically produced through the oxidation
reaction and it oxidizes the redox-active material.

Figure 3a and b shows the energy-storage mecha-
nism in the p-n junction and mediation models, re-
spectively. The oxidative mechanism of energy stor-
age has been demonstrated in the TiO,—Ni(OH),
system. As the system is photoexcited, as given in
Equation (1), the electrons are promoted to the CB of
TiO, or at the TiO,—Ni(OH), junction and Ni(OH), is
photocatalytically oxidized (i.e., oxidative energy is
stored in (Ni(OH),), as given in Equation (4), and the
formed intermediate (NiO,(OH),_,) further oxidizes the substan-
ces, as given in Equation (5). The electrons from Ni(OH),
[Eq. (4)] are combined with the holes in TiO,. On the other
hand, it is also possible that the photoexcited electrons in TiO,
are consumed by an electron acceptor, such as active oxygen
species ('OH, H,0,, O,”/HO,) and leading to the formation of
oxidative species, as given in Equations (5) and (6).

Ni(OH), +x OH™ — NiO,(OH),_, + xH,0 + xe~ (4)
NiO,(OH),_, + substance — Ni(OH), + products (5)
0, +2H" +2e” — H,0, (6)
NiO, (OH),_, 4+ H,0, + substance — Ni(OH), + products  (7)

Therefore, the oxidative storage that occurs as given in
Equations (4) and (5) represents the p-n junction model,
whereas that in Equations (6) and (7) represents the mediation
model. These types of mechanisms are experimentally demon-

(b)

ldark
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strated;*” the redox reaction at the junction is likely to deter-
mine the reaction model that takes place, namely, either oxida-
tive storage through oxidation of the ESM or electron accept-
ors produced during the reaction. However, the electron-stor-
age efficiency of this system is reportedly smaller than that of
the reduction electron-storage system (TiO,—WO;). This is pos-
sibly due to the consumption of holes by adsorbed water oxi-
dization or rereduction of Ni(OH), by either excited electrons
in TiO, or reductive reaction products, such as H,O,. Further-
more, it is also suggested that the electron-storage efficiency
could be improved in the p-n junction model by increasing
the junction area, such as by making the TiO, layers into a
porous structure. Similarly, to improve the mediation model,
the distance between TiO, and Ni(OH), may be optimized to
suppress the rereductive reaction by electrons in TiO,.

2.3. Multielectron-storage mechanism

Similar to oxidative electron storage, the process of multielec-
tron storage also occurs through two mechanisms: 1) electron
reduction and 2) electron trapping.”® These two mecha-
nisms of electron storage have been demonstrated in TiO,—
Cu,0 composite thin films.

According to the former mechanism, the storage of elec-
trons occurs in TiO,—Cu,O thin films under visible-light irradia-
tion through the reduction of Ti*' ions into Ti*" ions. Fig-
ure 4a shows the process of electron storage through the elec-

(b)

Figure 4. Multielectron-storage mechanisms through a) electron reduction
and b) the electron trapping process.

tron reduction mechanism.” It should be noted that the band
gap energy of TiO, is 3.2 eV and its CB potential lies at —0.2 eV,
whereas the CB potential of Cu,0, which has a band gap
energy of 2.0 eV, lies at —1.4 eV. Accordingly, it is proposed
that the electrons photoinduced in the CB of Cu,O are cap-
tured by Ti** ions in TiO, and reduced to Ti** ions, as given in
Equations (8) and (9). These stored electrons are further re-
leased in the absence of light because the conversion of Ti*"
into Ti** is stopped.

Cu,0+hv — hyg' +eq” (8)

e +Ti* — TP (9)

In the latter mechanism,?® it is proposed that the electrons

are captured in an electron trapping center at the TiO,—Cu,O
junction, rather than the reduction of Ti*" ions into Ti**. This is
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because, in the former mechanism, the TiO,—Cu,O system is
excited under visible light; TiO, is not excited by visible light,
but Cu,0O can be. Therefore, electrons excited to the CB of
Cu,0 would be injected to TiO, and reduce Ti*" ions into Ti**.
On the other hand, if the TiO,—Cu,O system is excited by using
UV/Vis light, it is possible for the excited electrons of both TiO,
and Cu,0O to be captured in an intermediate band, which is
known as the electron trapping center, as shown in Figure 4b.
The reaction process is detailed in Equations (10)—(13).

Cu,0 + hv, — Cu,0* (eg") (10)
TiO, + hv, — TiO,* (e ™) (1)
Cu,0* (e~ ) + TiO, — TiO, (trapped e) (12)
TiO,* (ecg”) + Cu,O — Cu,O (trapped e7) (13)

The formation of an electron trapping center essentially
occurs due to the large potential difference between the CBs
of TiO, (—0.2 eV) and Cu,O (—1.4 eV). Hence, excess electrons
in the CB of TiO, are facilitated to be transported to the deeply
trapped state underneath the CB of Cu,O, as shown in Fig-
ure 4b. Therefore, the essential requirement of the multielec-
tron-storage mechanism is the combination of materials with a
large difference in CB potential, which leads to a gradient
band dispersion that sufficiently acts as an electron trapping
center in the system.

The electron trapping process inducing photocatalytic reac-
tions in the dark is also demonstrated in the layer-structured
La,NiO, (LNO) perovskite material.””? In this case, the LNO crys-
tals could trap electrons from the reactant molecules (e.g., 4-
chlorophenol (4-CP)) that are released in the dark for further
catalytic degradation in the absence of light. Figure 5 and
Equations (14)-(18) show the proposed mechanism for the
degradation of 4-CP by LNO in the dark. In this mechanism,
first, the ionization of 4-CP molecules into H* and 4-CP~ takes
place in aqueous solution, then 4-CP~ donates electrons to
LNO (stored as trapped electrons in LNO), along with the for-
mation of the 4-CP* radical. Furthermore, these trapped elec-
trons in LNO could react with dissolved O, to produce ‘O,”,
which further reacts with H* and produces ‘OH radicals. Subse-
quently, these highly active ‘OH radicals could oxidize 4-CP*

(under dark)

Figure 5. Degradation mechanism of 4-CP by LNO PC in the dark.
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radicals and degrade into CO, and other products [Eqgs. (14)-
(18)]. It is further highlighted that the ability of LNO to trap
electrons from the reactant molecules determines its degrada-
tion efficiency in the dark.

C4H,CIOH = [C4H,CIO]~ + H* (14)
[CeHaCIO]™ + LNO — CgH,CIO™ + LNO (€ yapped) (15)
LNO (eyappea ) + 0, — LNO +°0,~ (16)
"0,” + H" — "OH (17)
"OH + CH,CIO" — ... — CI” 4+ H,0 + CO, (18)

3. Prospective Materials

The first working electron-storage system, TiO,—WO;, was de-
veloped by Fujishima et al. for anticorrosion applications under
light and dark conditions.”? The concept of photoelectrochem-
ical anticorrosion with the energy-storage ability of the system
is depicted in Figure 6.

If the system is excited by an appropriate light source, elec-
trons in the VB are excited to the CB and these excited elec-
trons are injected into the metal. This essentially
keeps the potential more negative than that of the
corrosion potential. Excess electrons are taken up by ~ (a)
the ESM, and thus, the reductive energy produced at
the excited semiconductor can be stored. After turn-
ing off the light, the stored electrons in the ESM are
injected into the metal; thus it is being continuously
protected from corrosion. Later, the same group
demonstrated the ability of the TiO,—WO; composite
PC to store energy if pure water and air are used as
the background instead of an electrolyte. Based on
this work, it was proposed that energy-storage PCs
could also be used for bactericidal applications and
eventually it was also demonstrated by the same
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group in 2003.”¥ As a further development in this system,
TiO,—WO; was combined with other ESMs, such as phospho-
tungstic acid® and Mo0Q,.5”

As discussed in Section 2, oxidative energy storage was first
observed in the TiO,—Ni(OH), PC in 2005,*4 with an expecta-
tion that the combination of reduction and oxidative energy-
storage types would enhance the effective storage of energy
and its later usage. Then, based on the concept of plasmon
sensitization of the PC, the Au-TiO, system was developed
and coupled with WO; and MoO; materials and studied for
their energy-storage abilities under visible-light irradiation, as
depicted in Figure 7.5V

Interestingly, the process of energy storage and later utiliza-
tion was termed the “photocatalytic memory” effect, as coined
by Shang etal. in 2008.22 They developed palladium oxide
nanoparticles dispersed in nitrogen-doped TiO, (TiON/PdO)
fibers and studied their photocatalytic disinfection properties
on Escherichia coli, for which they observed a remarkable pho-
tocatalytic memory induced disinfection capability of the ma-
terial in the absence of light, which was extended up to 8 h.
Notably, the system composed of TiO,—V,0; was further devel-
oped and investigated for its photocharging and discharging
abilities towards the photocatalytic oxidation of methanol.

hv (b) — —T—W.E
B 1~ | RE
¥ e
h 2
Au :?g

wo,

Figure 7. a) Electron-storage process in the Au—TiO,/WO; system and b) the experimental
setup. W.E.=working electrode, R.E. =reference electrode.

9

Corrosion potential

Under dark

Semi-
conductor

ESM

Metal

Figure 6. Mechanism of the anticorrosion process in the metal coupled with an energy storage system (semiconductor) under light irradiation (a) and dark (b)

conditions.
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The energy-storage mechanism in this system was proposed
to be that electrons could accumulate in the V,0; matrix
through the intercalation of H* or Li" ions to form a bronze
structure of V,0s, as shown in Equation (19). It is also proposed
that V,0; facilitates energy storage due to the relative CB po-
tentials of the V,0,~TiO, system and both the V**/V** redox
pair and shcherbinaite structure are responsible for the trap-
ping of photoelectrons in V,0s.

V,0, +xe” +xM* = MV,*V, "0, (M" =H" or Li*)
(19)

Significant results from the photoinduced electron-storage
mechanisms further led to the development of new and modi-
fied systems, such as TiO, N,/NiO bilayer thin films,2¥ WO, B!
TiO,~SWCNT  (SWCNT =single-walled carbon nanotubes),*®
Ag-TiO,”" Pt—-WO,, Cu"-WO0,,%¥ Ni(OH),-coupled N-doped
TiO,, Fe'-Ti0,, Cu'-WO,, Pt—WO,*? hydrogen-treated Pt—
WO, Y Cu,0/Ti0,*" Ag—In—Ni—S nanocomposites,*? H:Pt—
WO,/TiO,—Au nanospheres,*! Ti0,/S5i0,/Mn0,,“** Sn0O,-decorat-
ed Cu,0,* TiO,—NiO/TiO, film,* graphitic carbon nitride (g-
C;N,)/carbon nanotubes (CNTs)/graphene (Gr),*”! modified
carbon nitride,"* Au—ZnQ,“? Pt-loaded TiO,/CeQ,/Si0,*” Ag—
ZnO,®" N-TiO,,*? metal-organic frameworks on Au/TiO,"
nickel sulfide,®¥ Ag-modified PCs,*® ZnO,/polypyrrole,*® and
Rh/Au-modified Al,0,” and studied for their day-night pho-
tocatalytic properties, as discussed in the following sections.

A round-the-clock photocatalytic process is another descrip-
tion of the catalytic functionality of a PC under light and dark
conditions. This can be achieved either by coating a phosphor-
escence material in the photocatalytic reaction chamber®*-"
or by compositing it with the PC.®" The phosphorous material
serves as a light source if the external light source is stopped
or not available, as illustrated in Figure 8.°" As a result, the PC
in the vicinity of the phosphorous material performs photoca-
talytic reactions round the clock. The concept of “dark” in the
round-the-clock process is the unavailability of external light
sources, such as simulated solar light or UV light. However, the
PC will be irradiated with the phosphor material in the dark.
The long-afterglow phosphor is a functional phosphor material
that shows several hours of phosphorescence. It has been re-
ported that the silicate-based phosphor SMSO is a potential
blue-light-emitting long-afterglow phosphor that can excite

(a) Red’

Z S
Ox

Absence
of light ox’

Presence
of light ox’

Figure 8. a)-b) lllustration of the round-the-clock photocatalytic mechanism assisted by
long-afterglow phosphorescence in the Sr,MgSi,0;:(Eu, Dy) (SMSO)/g-C;N, PC in the pres-

ence (a) and absence (b) of light.
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the g-C;N, PC.%*% Accordingly, Zhou et al. reported the photo-
catalytic degradation of rhodamine B and methyl orange (MO)
by using SMSO/g-C;N, composite PC, which showed degrada-
tion activity for 6 h in the absence of an external light
source.®"

4. Applications of the Day-Night Photocatalyt-
ic Systems

The exploration of energy-storage materials for day—night pho-
tocatalysis has increased in recent years; this is mainly inspired
by the TiO,—WO; system for its anticorrosion effect under dark
conditions. However, becauseTiO,—WO,; is fundamentally a
photocatalytic system, the subsequent development of such
energy-storage materials is largely directed towards their pho-
tocatalytic applications, such as hydrogen production, pollu-
tant degradation, heavy-metal reduction, bactericidal disinfec-
tion, and other photocatalytic applications under light irradia-
tion and dark conditions.

4.1. Pollutant degradations

TiO,—Ni(OH), was the first system studied for its day-night
photocatalytic degradation applications.® This bilayer photo-
catalytic system was investigated exclusively for its oxidatively
stored energy to degrade methanol and formaldehyde under
UV-light irradiation. It was reported that, if the concentration
of methanol in air was as low as 10 ppm, the effective mass
conversion from methanol to CO, was around 86% in the dark.
The authors also concluded the formaldehyde could also be
oxidized to CO, by the stored energy. They proposed the
mechanism in Equations (20)—(22) for the degradation of meth-
anol and formaldehyde by the oxidative storage energy of the
TiO,—Ni(OH), PC.

NiO, (OH), , + xH,0 + xe~ «—— Ni(OH), + x OH" (20)
CH;OH + 60H™ — CO, + 5H,0 + 6e" (21)
HCHO + 40H™ — CO, + 3H,0 + 4e" (22)

The dark photocatalytic properties of the WO,/TiO, system
were studied for the degradation of MO dye.™ Initially, the
WO,/TiO, PC was irradiated under visible light for 40 min.
Then, the dye molecules were added to the solution
of PC after the light was turned off. After 40 min
under dark conditions, 22% of MO dye was degrad-
ed. It was also found that increasing concentrations
of WO, increased the degradation efficiency of this
photocatalytic system. Furthermore, it was also re-
ported that the agitation effect during dark catalysis
had no influence on the degradation efficiency of the
day-night PC.

In another report, bare and hydrogen-treated plati-
num-loaded WO; systems (Pt—WO; and Pt—H:WO;,
respectively) were studied for their ability to degrade
formaldehyde under irradiation and dark condi-
tions.”” The degradation of formaldehyde into CO,

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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by Pt—WO; and Pt—H:WO; was observed under visible-light ir-
radiation for 60 min. Subsequently, the light was turned off
after 60 min and the degradation of formaldehyde was contin-
uously observed for up to 360 min in the dark. Interestingly,
the stability of the stored energy was also tested, for which
the sample was kept in the dark for 12 h and eventually it was
observed that Pt—WO; and Pt—H:WO; degraded around 20 and
80% of formaldehyde, respectively, after 360 min in the dark.
Furthermore, the degradation of gaseous-phase formaldehyde
by Pt—H:WO; was also studied, for which the sample was pho-
tocharged for 1 h and stored in the dark for up to 300 h. After
36, 276, and 300 h, the degradation ability was recorded over
a period of 6 h in the dark. At the end of 300 h, the dark deg-
radation was estimated to be 60%. To further evaluate long-
lasting usage, the recovered Pt—H:WO; PC was again irradiated
for 1 h and the catalytic activity was observed over a period of
6 h in the dark. The catalytic effect of Pt—H:WO; in the dark
was persistently observed, even after the PC was heated at
200°C for 2 h. The mechanism of the observed long, persistent,
catalytic properties of Pt—H:WO, in the dark is depicted in
Figure 9 and proposed to occur as follows: 1) Hydrogen treat-

(a)

Pt-H:WO;
(Charging under illumination)

Pt-H:WO,
(Auto-discharging under dark)

Figure 9. Mechanism of photoelectron storage under illumination (a) and release of elec-

trons in the dark (b) for the Pt—H:WO, system.

ment led to the formation of large amounts of oxygen vacan-
cies in WO,, and induced defect band structures in its band
gap structure. These defect bands caused an upshift in the
Fermi level and provided more trapping sites to store electrons
for a superlong time. 2) Loaded Pt nanoparticles enhanced
formaldehyde degradation by facilitating multielectron reduc-
tion of O, on Pt.

The Cu,0O/TiO, composites, consisting of TiO, islands deco-
rated with Cu,0 nanospheres, were prepared and investigated
for the degradation of MO under visible-light irradiation and
dark conditions.""

It was reported that the residual percentage of MO was
about 3 and 80% under visible-light irradiation and dark condi-
tions, respectively. The mechanism of the observed activity
was attributed to the difference in band potential and electro-
static field at the interface of Cu,0O and TiO,, at which it facili-
tated the transfer of excess electrons from the CB of Cu,O to
TiO, and stored trapped electrons by reducing Ti*" into Ti*"
for later release in the dark, as shown in Figure 10. These
stored electrons react with O, to produce superoxide radicals
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Under light irradiation

Electrons
V4 }storing process

Electrons
releasing process

Under dark

Figure 10. Reduction-mediated electron storage and release in the Cu,0/
TiO, photocatalytic system in the presence (a) and absence (b) of light.

and the holes in Cu,0 react with water to produce hydroxyl
radicals to degrade the dye in the dark.

Interestingly, an unconventional material, Ag—In—Ni—S nano-
composite, was proposed for the photocatalytic degradation
of methylene blue (MB) dye molecules under visible-light and
dark conditions.*? In this study, the photocatalytic
activity of the prepared material was investigated in
the absence and presence of visible light (sunlight
and 100 W tungsten lamp). Notably, this material
showed complete degradation of a given amount of
dye under lamp and sunlight in 4 and 2 min, respec-
tively, whereas it took 12 min for complete degrada-
tion of the dye under dark conditions. It is proposed
that, in the Ag—In—Ni—S nanocomposite, the elec-
tron-storage properties of silver help to shift the
Fermi level of the composites toward more negative
values that make the PC more reductive. This reduc-
tive nature of the PC tends to supply electrons, even
under dark conditions, and leads to the production
of redox species. It was also proposed that the cas-
cading band structure between the integrated materials could
also have facilitated the transfer and storage of electrons
under irradiation and their release under dark conditions.

In our group, we have developed the hollow double-shell
H:Pt—WO,/TiO,—Au nanospheres and studied their photocata-
lytic activity on the conversion of formaldehyde (HCHO) into
CO, under visible-light irradiation and dark conditions.*® At
the end of 6 and 16 h, more than 90 and 80% of HCHO was
converted into CO, under visible-light and dark conditions, re-
spectively. Similarly, other systems, such as hollow H:Pt—WO,/
TiO, and hollow H:Pt—WO,, showed 42 and 36 % HCHO conver-
sion, respectively, at the end of 6 h under visible light, whereas
they showed 39 and 40% conversion, respectively, after 18 h
under dark conditions. The observed results were attributed to
the presence of a large amount of oxygen vacancies in WO,_,,
which facilitated the trapping of electrons under light irradia-
tion and release of the electrons under dark conditions
through Pt that essentially promoted the multielectron reduc-
tion reaction on O, to produce superoxide and hydroxyl radi-
cals to degrade HCHO into CO, under dark conditions.
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As discussed in earlier cases, the oxidative energy-storage
ability of the TiO,/Ni(OH), PC was evaluated for the degrada-
tion of monocarbon compounds, such as methanol and form-
aldehyde into CO, under dark conditions. Recently, this system
was also found to degrade multicarbon compounds, such as
acetaldehyde, acetic acid, and acetone, into CO, in the dark."*"
Additionally, it was proposed that MnO, could also be used as
an oxidative energy-storage material; however, the direct inte-
gration of MnO, with TiO, was not feasible, but could be ach-
ieved by introducing an interface material, such as fluorine-
doped tin oxide (FTO)/MnO,/nanoporous SiO,/TiO,. This feature
was explained as follows: direct contact of MnO, with TiO,
leads to greater reduction reaction, rather than oxidation reac-
tion to store the oxidative energy. Interestingly, the separation
of MnO,, and TiO, by SiO,, with an optimum thickness, induces
the oxidation of the MnO, layer, as depicted in Figure 11. If

Air/SiO, izno-<— H,0,

FTO

Figure 11. Oxidative energy-storage behavior in a) TiO,/Ni(OH),, b) TiO,/
MnO,, and c) FTO/MnO,/air (or nanoporous SiO,)/TiO, systems under UV-
light irradiation.

TiO, is excited, the electrons in CB react with O, and H™ spe-
cies and produce H,0,, which further dissociates into hydroxyl
radicals under UV light and oxidizes MnO,, as shown in Equa-
tions (23)-(26). In an alternative mechanism, the hydroxyl radi-
cals may be produced through the direct photocatalytic oxida-
tion of H,O by TiO, [Eq. (27)]. Accordingly, the successfully de-
veloped photocharged FTO/MnO,/nanoporous  SiO,/TiO,
system was found to mineralize methanol, acetaldehyde, acetic
acid, and acetone under dark conditions.

TiO, + hv — TiO, (es™ + hys) (23)
0, +2H" +2e; — H,0, (24)
H,0, + UV — 2HO' (25)
MnOOH + 2 HO" — MnO, + H,0 (26)
H,0 + h*yg — 2HO" + H* (27)
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Another unconventional and metal-free carbon-based mate-
rial, which is a nanocomposite composed of g-C;N,~CNTs-Gr,
was developed to have a postillumination catalytic memory
effect and investigated for the removal of phenol under dark
conditions.”” It was reported that g-C;N, acted an efficient PC,
whereas CNTs and Gr acted as supercapacitors to store and dis-
charge the charges under illumination and dark conditions, re-
spectively. Based on a radical trapping experiment, the mecha-
nism of the observed day-night photocatalytic effect of g-
C;N,—CNTs-Gr was proposed as follows: during light irradia-
tion, electrons excited to the CB of g-C;N, are further trans-
ferred to the surface and bulk of CNT-Gr. Electrons transferred
to the surface react with O, to produce superoxide radicals
and degrade phenol under visible light [Egs. (28)-(30)]1, where-
as electrons in the bulk, which are trapped, react with O,/H,0
to produce ‘OH radicals [Eqg.(31)] and effectively degrade
phenol under dark conditions.

g-GN, + hv — g-GN, (e” +h") (28)
g-GiN, (e7) + CNT — Gr — g-C3N, + CNT — Gr(e") (29)
CNT — Gr(e ) + 0, — "O,” (30)
2°0,” +2H" — 2°0H + 0, (31)

4.2, Hydrogen productions

g-CG3N, modified with cyanamide-functionalized heptazine poly-
mer was demonstrated to be a prospective material for the
generation of hydrogen in the dark.*® It was proposed that,
during the irradiation of g-C;N,, radical species formed within
a cyanamide-functionalized polymeric network of heptazine
units could release trapped electrons in the dark to produce
H,. It was reported from experiments carried out that g-C;N,
consisted of a partially anionic and cyanamide-functionalized
heptazine, along with an appropriate electron donor, which
led to the formation a radical species under light irradiation
with a lifetime of over 10 h. This ultra-long-lived radical can re-
ductively produce H, under dark conditions in the presence of
a hydrogen evolution catalyst. Furthermore, it was described
that the continuous photocharging and storing effect of the
reported modified g-C;N, compound could be perform a ca-
pacitor-like function of the photocatalyst with the potential to
become “solar battery” materials.

4.3. Bactericidal disinfections

TiO,—WO; was also found to be a prototypical system for pho-
tocatalytic antibactericidal applications in the dark.”® The ex-
ploration of TiO,—~WQ, for such antibacterial applications es-
sentially helped to understand the possible mechanism of
their photocatalytic activity in the dark. Accordingly, TiO,—WO,
was successfully employed for antibacterial activity against
E. coli bacteria under dark conditions. From the experimental
studies conducted, the origin of the observed antibacterial ac-
tivity of the system was mainly due to the generation of H,0O,
species produced upon the reaction between stored electrons
and O, molecules in the dark.
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A nanocomposite of TION/PdO was studied for the photoca-
talytic disinfection of E. coli in the dark.®*®® It was observed
that PdO was the origin of the observed electron storage and
dark antibacterial properties of the nanocomposite. The anti-
bacterial effect was found to persist even after several hours in
the dark. It was proposed that electron storage occurred in
TION/PdO system essentially due to the transfer of electrons
from TiON to PdO, for which PdO is reduced to Pd® and traps
electrons in Pd® nanoparticles. In the dark, these stored elec-
trons are released back to the environment to react with O,
and produce O, /'OH radicals to kill the bacteria, as shown in
Figure 12. A similar mechanism, which is the stored electron-
mediated production of redox species, was also reported for
the antibacterial activity in the TiO,/Cu,0 system towards
E. coli®" SnO, nanoparticles decorated Cu,0 nanocubes to-
wards Staphylococcus aureus™ titanium oxide system®’ to-
wards Enterococcus faecalis, and E. coli under dark conditions
(Figure 10a and b).

Under dark

2+ 0
Pd%Pd’ o
2

Nitrogen-doped TiO,

Figure 12. Reduction-mediated electron storage and release in the TION/
PdO system towards antibacterial activity under light irradiation (a) and dark
(b) conditions.

4.4, Heavy-metal reductions

The photoinduced electron-storage properties of the WO,/TiO,
system were also explored for its application in the reduction
of heavy-metal ions, such as Cr°*, Hg?", and Ag™, into their
corresponding, relatively nontoxic, and stable states, such as
Cr*, Hg", and Ag° respectively.®™® This study essentially
showed that stored electrons were capable of reducing heavy-
metal ions in the dark as well. WO4/TiO, is charged under UV-
light irradiation and stores electrons for a longer time in the
presence of O,, and can be discharged through a suitable re-
duction process. In practice, the presence of O, inhibits the
storage of electrons by scavenging them. However, electron
scavenging by O, produces the reactive species, such as O,"
and H,0,, required for the degradation/reduction process.
Therefore, O, is useful to scavenge electrons released in the
dark to produce reductive species; meanwhile, a parallel mech-
anism should also be needed to inhibit the scavenging of elec-
trons during light irradiation. Accordingly, it was experimental-
ly observed that the capture rate of electrons by WO, was
much faster than that of O,. Through this mechanism, elec-
trons excited to the CB of TiO, are further transferred to WO,
to form W°™ ions; protons are subsequently expected to inter-
calate into WO,/TiO, to balance the charge neutrality of the
system as a result of negative charge induced by the stored
electrons. During the dark reaction, the reduction of O, by
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stored electrons in the form of W>* was much higher (almost
fivefold) than that of the stored electrons in the form of Ti**
Therefore, the integration of WO; simultaneously enhanced
electron storage and the reduction of O, to produce reductive
species to reduce the heavy-metal ions. In addition, the spon-
taneous reduction of Cr' was also observed on InSnS, PC
under dark conditions.®

Similarly, a recent study showed an interesting feature of
this day-night photocatalytic system, which was sequential
catalytic activity under light and dark conditions. In a single re-
action, organic pollutants, such as 4-CP, formic acid, humic
acid, or ethanol, were degraded with Ag/TiO, under UV light,
followed by the dark reduction of hexavalent Cr".7% It was re-
ported that the photocatalytic oxidation of 4-CP produced in-
termediate compounds and stored electrons in the Ag/TiO,
system for further utilization to reduce Cr" in the dark. Accord-
ingly, the dark reduction of Cr" was much higher for Ag/TiO,
(87%) and continued for few hours. The observed dark-reduc-
tion efficiency of the Ag/TiO, system was proposed to be the
collective effects of 1) adsorption, 2) chemical reduction by in-
termediates of 4-CP degradation, and 3) reduction by electrons
stored in Ag (Figure 13).

(a) hv (b) Underdark o

Crb+

ﬁe‘ ee__

%

5

oy Cr‘“—» Crat
Intermed.

4-CP

g\

Cres
Under irradiation [PY237

Intermed.,
co,

Figure 13. a) Photocatalytic electron storage and degradation under illumi-
nation, and b) sequential reduction of metals (Cr°* to Cr**) in the dark by
Ag—TiO, PC.

4.5. Other applications

As discussed, the classical application of an electron-storage
system was essentially for the anticorrosion of metals, for
which the ESM was first developed. It was reported that the
corrosion properties of TiO,-coated type-304 stainless steel
were suppressed under UV irradiation;”" however, to protect
the material, even in the dark, ESMs such as WO,**’? or
Sn0,"”® were coated along with TiO, onto the metal. Based on
insights from these studies,*? the characteristics of the ESM to-
wards anticorrosion properties were suggested to be as fol-
lows: 1) redox activity; 2) a more positive redox potential than
that of the CB potential of the semiconductor attached, that is,
the oxidized form of the ESM should accept electrons from the
semiconductor; 3) a more negative redox potential than that
of the corrosion potential of the metal, that is, the reduced
form should protect the metal from corrosion; 4) poor oxidiza-
bility of the reduced form by ambient oxygen; and 5) stability
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Figure 14. a) Schematic diagram and b) photograph of the plant-assisted photocatalytic reactor: 1) celery, 2) plant cultivation tube, 3) solar battery, 4) quartz
glass tube coated with the Bi,0,/TiO, film PC, 5) UV lamp, 6) water reservoir, 7) liquid flow meter, and 8) circulation pump.

during repeated redox cycles. Accordingly, the photocharging
and discharging reactions in the TiO,—~WO; system are de-
scribed by Equations (32)—(34). Briefly, the TiO,—WO; system
provides photoelectrons to the metal through a cascading po-
tential of TiO,—~WO;—metal (during irradiation) and WO;—
metal (during dark).””

e (TiO,) — e~ (WO;) (transfer of electrons) (32)
WO; + xeg~ + xH+ — H,WO; (photocharging) (33)
H,WO; — WO; +xec~ +xH*' (auto-discharging) (34)

An interesting application has been demonstrated to repre-
sent round-the-clock photocatalysis.”? The system for this par-
ticular application involved a photocatalytic reactor equipped
with solar batteries, Bi,O5/TiO, PC, and celery plant towards the
purification of aquaculture wastewater under solar-light irradia-
tion (Figure 14). Solar batteries in the system convert sunlight
into stored electrical energy to power UV lamps, which further
lead to round-the-clock photocatalytic degradation of organo-
nitrogen pollutants. Meanwhile, the degraded organonitrogen
pollutants (into inorganic nitrogen species) will be taken up by
the plant as a fertilizer, which eventually leads to the complete
purification of the aquaculture wastewater.

Apart from application-oriented studies, conventional sys-
tems, such as TiO,—WO,,"* % and TiO,—Ni(OH),,*'**! have been
exclusively studied for their photocharging and discharging
mechanisms, which could be potentially useful for the devel-
opment of day-night-based photocatalytic systems. It is
known that photocatalysis is being widely employed for pollu-
tant degradation, water splitting, and fuel conversion applica-
tions. However, there are other interesting applications of pho-
tocatalysis, including 1) medicinal applications, such as cancer
treatments,®*5” bioimplants,®®® and removal of airborne bio-
logical threats (e.g., Anthrax);?*°" 2)agricultural applica-
tions;®? 3) atmospheric sciences;®® 4) biodiesel productions;*
and 5) organic syntheses,” which are untapped potential ap-
plications in the field of photocatalytic sciences that should be
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explored, along with the utilization of ESMs towards day-night
photocatalytic applications.

5. Summary and Outlook

It is undoubtedly true that photocatalytic science is remarkable
for its applications in energy and environmental concerns.
Therefore, it is imperative to find more tools to enhance the
features and functions of photocatalytic materials to transcend
existing limitations in the photocatalysis process. In this con-
text, the integration of an ESM with a PC to catalyze a reaction
in the presence and absence of light can be essentially consid-
ered as the next promising step in this field. Such advance-
ment should be accelerated further because it has the poten-
tial to be a next-generation photocatalytic technique. Insights
derived from these studies clearly highlight that the ESMs are
often narrow band gap energy materials that facilitate charge
separation and transportation, which are the most fundamen-
tal characteristics required for an efficient photocatalytic pro-
cess. Apart from electron storage and release, these additional
features of ESMs “synergistically sensitize” a PC towards its
ideal function. Based on the proposed mechanisms, materials
with intercalation and/or reducing properties with suitable
band edge positions, with respect to the host PC, could be ap-
propriate for the construction of a day-night photocatalytic
system. ESMs should be enhanced for their electron-storage
ability, longevity, rapid charging, gradual discharging, photo-
chemical stability, and durability by means of chemical and
physical modifications.

Future scope in the utilization of ESMs should be explored
for various applications of photocatalytic processes, as men-
tioned above. Also, similar tools have to be built according to
the specific needs of the photocatalytic applications/processes.
This multifaceted photocatalytic phenomenon is promisingly
for new possibilities in the fields of healthcare, environment,
and energy applications because these are the three funda-
mental requirements for life on this planet.
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