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Highlights 

 Recent advances in round-the-clock photocatalytic system is overviewed. 

 The mechanism of round-the-clock photocatalysis are summarized and compared. 

 Advanced characterization techniques and applications are discussed and 

summarized. 

 Future challenge and research direction on the mechanistic study, material design 

have been outlined. 

 

Abstract 

Solar energy-driven semiconductor photocatalysis has gathered increasing interest in 

the field of energy and environmental applications. However, a vital problem that limits 

its application is that photocatalysis requires a continuous light source to perform redox 

reaction. The ability of keeping catalytic activity in the dark has been the ultimate goal 

for the wide application of photocatalysis. More and more efforts have been paid to 

develop photocatalysts to perform photocatalytic reactions under both light and dark 

conditions, which is so called “round-the-clock photocatalytic system” (RTCPS). 

RTCPS with an ability of energy storage can work well under both daytime and 

nighttime, which widely used in the removal of heavy metal ion, the degradation of 

organic pollutant, disinfection and hydrogen generation. The important potential of 

RTCPS necessitate timely reviews of the recent advances to streamline efforts. Thus, 

this review aimed to summarize the recent advances in RTCPS, including the 

mechanism, characterization techniques and applications. Moreover, future challenge 

and research direction on the mechanistic study, material design and potential 
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applications are also discussed. 

 

Keywords: photocatalysis; round-the-clock; mechanism; environment; energy 

 

1. Introduction 

The rapid development of modern industry has led to serious energy and 

environmental crisis.[1] Since the energy of solar radiation on earth within 1 h exceeds 

the total energy consumed by humans throughout the year,[2] efficient utilization of 

solar energy could alleviate many energy and environmental pressures.[3, 4] Since the 

discovery of Honda-Fujishima effect (photocatalytic water splitting on TiO2) in the 

1970s,[5] photocatalysis has gathered increasing interest in multidisciplinary research 

field.[6] Photocatalysis is a complicated chemical process in which photocatalyst 

absorb photons energy (photons energy (h)  bandgap energy (Eg) of photocatalyst) to 

generate electron–hole pairs, and they migrate to the surface of catalyst to initiate redox 

reactions.[7, 8] As shown in Figure 1a, a typical photocatalytic process involved three 

steps: (i) photoexcitation of semiconductor to create electron–hole pairs, (ii) separation 

of electron–hole pairs, and (iii) surface redox reaction. The excited carriers can undergo 

redox reactions with a variety of substances, such as H2O, CO2, O2 and N2, thereby 

widely being used in energy production[9-13] and environmental purification[14-16] 

(Figure 1b). 

As the name implies, the “photocatalysis ” requires a continuous photo-assisted to 

perform redox reaction, which greatly limits its wide applications, especially at 
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night.[17] Once illumination ceases, the generation of carriers (electron–hole pairs) 

within semiconductor will stopped, thereby losing their catalytic activity immediately. 

Therefore, there is a paradigm shift in the field of photocatalysis currently. More and 

more efforts have been paid to develop the photocatalyst to perform catalytic reactions 

under both light and dark conditions, which is so called “all-day-active photocatalyst” 

or “round-the-clock photocatalyst” (RTCPt).[18] Researchers' interest began to shift 

from photocatalysis to “round-the-clock photocatalysis (RTCP)”.[19] RTCP is also 

called “memory catalysis” (MC),[20] which can maintain the catalytic activity under 

dark condition. The reaction system of RTCP is diverse, and the corresponding reaction 

mechanism is also different. In addition to the basic requirements for photocatalysis, 

there is another component, as the energy storage substance (ESS), is required to initiate 

catalytic reaction in dark.[21] ESS can store photo-generated carriers from 

photocatalyst under light irradiations and release these carriers in the absence of light, 

which is a common reaction system based on carrier storage mechanism. Briefly, 

electrons are excited from the valence band (VB) to the conduction band (CB) under 

light illumination and some of them migrate to the surface of catalyst to participate in 

the catalytic reactions, whereas the excess carriers are stored in ESS. Then, these stored 

carriers can be released to electrolyte solution to maintain catalytic activity through 

cathodic or anodic reactions in the dark. Therefore, this RTCP can be achieved by 

combining (i) a semiconductor (SC) and (ii) an ESS. The performance of this RTCP 

system (RTCPS) usually depends on the relative energy levels of the SC and the kinetics 

of the carriers processes at the interface between the SC and ESS. Some general 

ACCEPTED M
ANUSCRIP

T



5 

 

principles to construct an efficient RTCPS are as follows: (i) For efficient electron 

transfer from SC to ESS, the CB of the SC should above the CB edge or Fermi level of 

the ESS; (ii) Good contact is required in SC-EES interface for efficient electron transfer; 

(iii) ESS should have the property of slowly releasing electrons in dark conditions; (iv) 

The CB or Fermi level position of ESS should match the redox potential of the specific 

reaction conditions. Additionally, it should be noted that this is not the only way to 

achieve RTCP. Other material system based on peroxidase mimic mechanism[22] and 

fluorescence-assisted mechanism,[23-27] have also been reported, which will be 

discussed in detail in mechanism section. 

Notably, RTCP with unique MC effect has boosted great interest in many 

applications such as removal of heavy metal ion,[28-31] degradation of organic 

pollutant,[32-38] disinfection[39-44] and hydrogen generation[19, 45, 46]. Considering 

the great potential of RTCP in practical applications, there is an urgent demand to create 

a unique photocatalytic system that enables continuous operation in day and night. To 

favor the development of this area, it requires a deeper understanding of the mechanism 

of RTCP and need to develop more advanced characterization techniques. By 

employing these characterization techniques to gain a complete picture of the origin of 

observed catalytic activity.  

Undoubtedly, the research about RTCP is still at its infancy stage. Their properties 

are still poorly understood and more potentials are largely unexploited. The important 

potential of this emerging field necessitate timely reviews of the recent advances to 

promote the development of this field. Although many excellent reviews on 
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photocatalysis have been reported,[47-51] a thorough summary and assessment on 

RTCP remains a gap. Therefore, the aim of this review is to summarize the state-of-the-

art progresses of RTCP, describing the reaction mechanism proposed for different 

reaction systems, presenting the possible applications and show that how combine the 

experimental data and characterization techniques to analyze an existing RTCPS ” as 

well as to design a new system. Firstly, we introduce the RTCP mechanism of different 

systems in detail. Secondly, we summarize various characterization techniques used in 

this field, in order to acquire the detail information of the nature of catalytic system. 

Thirdly, the applications of RTCP are also introduced. Finally, the challenges and 

prospects for future development of these fields are outlined. 

 

Figure 1. (a), Photocatalytic process. (b), Photocatalytic mechanism of water splitting, 

degradation of pollutants, nitrogen fixation and CO2 conversion. 

2. Mechanism of “round-the-clock photocatalysis” 

As mentioned above, the mechanism of RTCP is diverse, which depend on the 

kinds of catalytic system. Currently, the most common RTCPS generally composes of 

two kinds of materials, (i) a SC and (ii) an ESS. This catalytic system are based on the 
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carrier storage mechanism. Besides, some materials have an peroxidase enzymatic 

effect, which can produce •OH for performing catalytic reaction in the dark. Coupling 

a semiconductor and a long afterglow phosphor also can achieve RTCP due to the long 

afterglow phosphor can act as the light source in the dark. Accordingly, there are 

typically four kinds of catalytic system in the RTCP process, where the kinds of 

mechanism depend on the types of materials involved. 

2.1 Electron storage mechanism 

Material system such as TiO2-WO3 stores electrons (so called reductive energy 

storage) through the formation of intermediate reversible product (Equations (Eqs) (1)-

(3)),[21, 34, 52-54] where the TiO2 functions as a light-harvesting material and WO3 as 

an electron storage material. 

TiO2 + hv → TiO2* (e- + h+) (carrier generation)                           (1) 

e- (TiO2) → e- (WO3) (interfacial electron transfer)                         (2) 

WO3 +xe- +xM+ → MxWO3 (charging)                                   (3) 

MxWO3 → WO3 +xe- +xM+ (discharging)                                (4) 

e- + O2 → •O2
- (dark reaction)                                          (5) 

Under light irradiation, the electron-hole pairs are generated in TiO2 (Eqs (1)). On one 

hand, the holes are stayed on the surface of TiO2, where they react with environmental 

medium such as adsorbed H2O/humid air or other electrolyte. On the other hand, the 

excited electrons are injected to the CB of WO3 and trapped by the intercalation of M+ 

ions (M represent H+, Li+, Na+, K+, etc.) as given in Eqs (2, 3). In absence of light, 

trapped electrons can be released (Eqs (4)) and reacted with electron acceptors such as 
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O2 (Eqs (5)). Figure 2a illustrated the mechanism of electron storage in TiO2-WO3 

under light illumination and release of electrons in dark. The amount of charges stored 

was demonstrated to be dependent on the M+ ionic radii.[55] As shown in Figure. 2b, 

the charge storage capacity increased with ionic radii increased. This relationship may 

be related to that larger ions can stay in the structure for a longer time because the larger 

ionic radii limited the movement of M+ ions. Therefore, charge storage capacity 

enhanced as the ionic radii increased from H+ to K+ (Figure. 2c). 

 

Figure 2. (a), Electron storage mechanism in TiO2-WO3 system. (b), The effect of ionic 

radii on the amount of stored charge and the photocurrent density generated after a 10 

s off-on cycle from the respectively alkali cations electrolyte. (c) Diagram showing the 

WO3 crystal structure and intercalated alkali cations to illustrate the effect of ionic radii 

on the ability to store charges (Adapted with permission [55], Copyright 2011, Royal 

society of chemistry). 
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Instead of WO3,[56-58] other ESS have also been reported such as carbon 

nanotube (CNTs),[59, 60] C3N4, [19, 45, 46] Ag nanoparticles (NPs),[29, 61-64], Se 

nanorods (NRs) ,[65], Bi,[66] MoO3,[40] Cu2O,[67], V2O5,[68], polyoxometalates,[54] 

etc. The electron storage mechanism of most of these materials is similar to WO3, which 

through the formation of intermediate reversible product to trap electron. However, Ag 

NPs can store electrons because of its capacitive nature,[62] which is different from 

other materials. The capacitive nature of Ag NPs impeded the charge transfer of trapped 

electrons out of its surface.[29] Some researchers concluded that this capacitance nature 

was due to the large resistance between Ag NPs and electrolyte, which slowed down 

the release rate of electrons.[29, 62] For examples, Wood et. al.[61] found that the 

electron transfer from ZnO to electrolytes was delayed in the presence of Ag NPs, 

which act as an electron storage that keeps electrons for a longer time. Since the Fermi 

level of Ag NPs are usually lower than the vast majority of semiconductors, Ag NPs 

can accumulate electrons from semiconductor such as ZnO until its Fermi level 

coincides with the CB edge of semiconductor, which may explain why Ag NPs can 

store so many electrons. Additionally, Lotsch et. al. reported that C3N4 can store 

electrons through the formation of long-lived radicals. This radical species is formed 

with a cyanamide-functionalized polymeric network of heptazine units and can give off 

its trapped electrons in the dark.[19] It needs to point out that the mechanism of electron 

storage in some materials such as Se nanorod[65] and Bi[66] is still vague. Thus, 

systematic studies are encouraged to further understanding the mechanism. 

2.2 Hole storage mechanism 
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Similar to electrons, holes can also be stored (so called oxidative energy storage). 

There are two models for storing holes: (i) p-n junction model and (ii) mediation 

model.[69] In the former, a redox-active p-type semiconductor (e.g., Ni(OH)2) is 

combined with n-type semiconductor (e.g., TiO2) to form a p-n junction (Figure 3a). 

Under light excitation, the photogenerated holes will be transported into the bulk of 

Ni(OH)2 through the p-n junction (Eqs.(6)) and the Ni(OH)2 is oxidized by holes 

(Eqs.(7)). Photogenerated electrons will accumulated in CB of TiO2 and be consumed 

by electron acceptors, such O2 (Eqs.(8)). The formed intermediate (NiOx(OH)2-x) can 

further oxidizes some substances in the dark (Eqs.(9)). In this process, anion 

intercalation or cation (e.g., H+) deintercalation can keeps the electrically neutral of 

system (Eqs.(7)), thereby stabilizing retention of oxidative energy. 

TiO2* (h+) → Ni(OH)2 (h
+)                                           (6) 

Ni(OH)2 + xh+ + xOH- → NiOx(OH)2-x + xH2O                            (7) 

O2 + 2H+ + 2e- → H2O2                                               (8) 

NiOx(OH)2-x + substance → Ni(OH)2 + products                           (9) 

In the latter, the mediation model (Figure 3b), an electron mediator such as Fe3+/Fe2+ 

redox couple was introduced. Photogenerated electrons in Ni(OH)2 could be efficient 

transported into the CB of TiO2 through electron mediator. The remaining 

photogenerated holes in the VB of Ni(OH)2 will oxidize itself (Eqs.(7)), thereby storing 

oxidative energy. It should mention that both p-n junction model and mediation model 

are beneficial to carrier separation because p-n junction could provide built-in electric 

field and electron mediator could induce high-speed electron transfer. Thus, hole 
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storage efficiency will improved due to reduce the loss resulting from carrier 

recombination. This hole storage mechanism was usually found in TiO2-Ni(OH)2 

system,[69-72] TiO2-NiO system,[73, 74] and TiO2/SiO2/MnOx system.[75]. Notably, 

the hole storage efficiency of this system is smaller than electron storage efficiency of 

electron storage system (TiO2-WO3). This is possibly due to the loss of holes by 

adsorbed water oxidization or re-reduction of Ni(OH)2 by photogenerated electrons[18] 

In addition, it was also demonstrated that the hole storage efficiency can be enhanced 

in p-n junction model by increasing the junction area (e.g., making the TiO2 into porous 

structure). 

 

Figure 3. Oxidative energy storage through (a) the p–n junction model and (b) mediator 

model. 

2.3 Peroxidase mimic mechanism 

Natural peroxidases (e.g., horseradish peroxidase) are usually used as catalysts in 

enzyme-linked immunosorbent assays.[76] In the presence of an oxidant such as 

hydrogen peroxide (H2O2), peroxidase can oxidize chromogenic substrates (e.g., 

3,3,5,5-tetramethylbenzidine, TMB) into colored molecules.[77-82] In fact, except for 
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horseradish peroxidase, there are other catalysts can oxidize the TMB in the presence 

of H2O2. Some metal-oxide or metal NPs such as Pt NPs,[76, 83] ZnFe2O4 NPs,[84] 

and Au NPs[22, 82, 85] have recently been demonstrated to have intrinsic peroxidase 

mimetic nature similar to natural peroxidases. Possible reaction mechanism for the 

TMB–H2O2–Pt system were showed in Figure 4a.[76] Firstly, Pt NPs catalyze the 

production of •OH radical, which assumed that the O–O bond of H2O2 is rapidly 

destroyed by the catalytic action of Pt NPs.[76, 83] Then, the producing •OH radicals 

were stabilized on the surface of the Pt NPs and subsequently react with TMB.[86] 

Since the reaction process is based on the radical chain mechanism, this catalytic system 

can be introduced into the field of RTCP. Hsu et al. showed that Au@Cu7S4 yolk@shell 

nanocrystal-decorated TiO2 nanowires could perform efficient methyl orange (MO) 

degradation under both light and dark condition.[22] Such a capability was ascribed to 

the peroxidase function of Au, which triggered the production of •OH radicals for 

proceeding pollutant degradation in dark environment (Figure 4b). Thus, an all-day-

active photocatalyst model was established by employing Au@Cu7S4 yolk@shell 

nanocrystal decorated TiO2 nanowires. It should point out that the “dark reaction” 

requires the participation of H2O2, which is similar to photo-Fenton reaction. However, 

unlike the photo-Fenton catalytic system, the TiO2-Au@Cu7S4 can work continuously 

during daytime and nighttime, which is very valuable for the practical application of 

environmental cleaning. 
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Figure 4. (a), Possible mechanism for the TMB–H2O2–Pt colloid system (Adapted with 

permission [76], Copyright 2011, Elsevier). (b), Schematic illustration of the coupling 

of photocatalysis and peroxidase mimics on TiO2-Au@Cu7S4 (Adapted with 

permission [22], Copyright 2017, Elsevier). 

2.4 Fluorescence-assisted mechanism 
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Recently, some studies have been reported to combine photocatalyst with long 

afterglow phosphors that can be excited by light irradiated, thereby emitting long lasting 

phosphorescence in the dark to excite photocatalyst and achieve persistent 

photocatalysis.[23, 87-90] The mechanism of the persistent luminescence in 

Sr2MgSi2O7: (Eu, Dy)/g-C3N4 system was proposed and showed in Figure 5.[17] When 

the phosphor was illuminated by light, the charge energy was transferred to the 4f7 

ground state of Eu2+ (arrow 1) and Eu2+ was excited to the 4f65d state located within 

the CB (arrow 2). Autoionization generated a free electron and Eu3+ was left. Dy3+ 

captured the electron to form Dy2+ with a ground state below the bottom of the CB. 

Once illumination stopped, the electron will transfer from Dy2+ back to the CB and then 

recombined with Eu3+, resulting in 5d-4f emission because of the thermally activated 

release (arrow 3). The g-C3N4 could be excited by the fluorescence and then created 

photogenerated carriers. The electrons subsequently transferred to the surface of the 

catalyst and react with H2O and O2 to generate •OH and •O2
-. Such a fluorescence-

assisted system enables persistent photocatalysis in day and night and can be expanded 

to other field. 
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Figure 5. Schematic illustration of the charge transfer in Sr2MgSi2O7: (Eu, Dy)/g-C3N4 

(Adapted with permission [17], Copyright 2016, Elsevier). 

3. Characterization techniques 

To clearly depict the mechanism of RTCP, it is necessary to probe the behaviors 

of carrier storage and release through some characterization techniques. To date, many 

characterization methods have been developed to study the behaviors of electron 

storage and discharge in RTCPS. In this section, we will discuss these characterization 

methods and their basic principles in conjunction with specific examples. It should be 

noted that the characterization methods of other RTCPS (e.g., hole storage system, 

peroxidase mimic system, etc.) are ignored because the current mainstream of RTCPS 

is based on electron storage mechanisms. 

3.1 Electron storage behavior characterizations 
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As mentioned above, In TiO2-WO3 system electron can be stored in WO3 by the 

formation of intermediate reversible product (e.g., HxWO3), which is known as 

electrochromism/photochromism. The obvious change of the color can be observed 

when the formation of HxWO3 during charge process (Figure 6a).[91] Being charged, a 

composition sample of HxWO3/WO3 appeared. The UV–vis–NIR diffuse reflectance 

spectra (DRS) of the WO3 and HxWO3/WO3 can be used to test their optical properties. 

As shown in Figure 6b, the absorbance of HxWO3/WO3 increases significantly in the 

wavelength range of 480 to 2000 nm, which is in accordance with the color changes 

from yellow (WO3) to green (HxWO3/WO3).[92] It is generally believed that the change 

of WO3 electronic structure caused the its variable light absorption, which is concerned 

with the oxidation state of W atom ( e.g., from W6+ to W5+).[93, 94] Thus, the 

generation of low valence W species in HxWO3 contributes to the near-infrared light 

absorption. In addition, Shang et al. reported that atomic force microscopy (AFM) can 

be used to examine the surface charge distribution of the nitrogen-doped titanium oxide 

(TiON)/PdO film, which was carried out in the contact mode when the TiON/PdO film 

was illumined.[95] Figure 6c revealed the electric current distribution on the surface of 

TiON/PdO thin film under light irradiation without additional electric voltage required. 

The picture was generated by superimposing the current profile on the 3D image of the 

height profile created by the MFP-3D software (Asylum Research). The 3D height 

picture showed the morphological structure and the yellow color presented the current 

value on the material surface. Most parts of the material surface is red color, while some 

bright yellow spots were found among the grain boundary areas, where PdO NPs were 

ACCEPTED M
ANUSCRIP

T



17 

 

distributed in these areas, indicating an accumulation of electrons on PdO NPs. The in-

situ X-ray photoelectron spectroscopy (XPS) analysis can be used to investigate the 

changes in the valence states of elements. There was an obvious difference in the Pd 3d 

peak position and shape with or without illumination (Figure 6d). Under dark condition, 

the Pd 3d5/2 peak at 336.20 eV was assigned to the PdO. However, under light 

irradiation, Pd 3d peaks were widen and the peak of Pd 3d5/2 was shifted to 335.30 eV, 

which can be attributed to the combination of Pd2+ 3d5/2 (peak at 336.2 eV) and Pd0 

3d5/2 (peak at 335.2 eV). The result clearly demonstrated that some PdO NPs have 

been reduced to metallic Pd0 under visible-light irradiation because of the electron 

accumulation. When the light was turned off, the Pd 3d peak return to the original 

location, indicating the discharge process. 
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Figure 6. (a), Appearance of hybrid WO3/TiO2 electrodes with WO3 loadings of (a1) 1 

wt % and (a2) 6 wt % before and after charging (Adapted with permission [91], 

Copyright 2015, American Chemical Society). (b), UV–vis diffuse reflectance spectra 

of WO3 and HxWO3/WO3 (Adapted with permission [92], Copyright 2015, Elsevier). 

(c), AFM 3D height image with the yellow-hot color displaying the electric current 

value of the TiON/PdO thin film surface under visible light illumination. (Note that 

white arrows point out some places with stronger electric current signal in dispersed 

spots on the surface to guide eyes). (d), In situ XPS high-resolution scans over Pd 3d 

peaks on TiON/PdO thin film originally in the dark for 5 h, under visible light 

illumination, and in a dark environment for 1 h, 2.5 h and 3.5 h after the visible light is 

off (Adapted with permission [95], Copyright 2010, Royal society of chemistry). 

It should mention that in-situ characterization of the carrier transfer during the 

storing process remain challenging. There are limited literature on this carrier transfer 

process. Recently, Li et. al. developed a surface photovoltage microscopy (SPVM) 

method to image the diffused carrier separation process on a high-symmetry Cu2O 

photocatalyst particle.[96] SPVM mainly include light system, Kelvin probe force 

microscopy (KPFM) and nanometre-resolution surface photovoltage (SPV) (Figure 7a). 

SPVM showed an obvious spatial correlation between the charge distribution and 

illumination distribution (Figure 7b). Photogenerated holes (positive SPV, purple 

region) were imaged in the illuminated region, whereas photogenerated electrons 

(negative SPV, red region) were imaged in the shadow region. Authors investigated the 

effect of irradiation asymmetry on this charge transfer process. SPVM images of a 
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single Cu2O particle photoexcited with increasing laser intensity (Figure 7b1–b6) 

showed that the photogenerated electrons on the shadow facet disappeared and changed 

to holes. SPVM method can monitor the photovoltage of the material surface in time 

and image it in different areas. Thus, using this method can clearly observe the charge 

transfer process, which has a great potential applied for in-situ characterization of the 

electron/hole transfer. 

In a sum, electron storage behavior can be characterized by following method as: 

(i) Color change and spectroscopy characterization; (ii) AFM; (iii) In-situ XPS; (iv) 

SPVM. It is worth noting that a single characterization method does not fully reflect 

the real situation of electronic storage. It is necessary to combine multiple 

characterization methods to analyze and understand the storage behavior of electrons. 

Moreover, there are some other characterization methods that can be used, such as 

electrochemical characterization, etc. The development of new characterization method 

is encouraged to better understanding electron storage process. 
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Figure 7. (a) Experimental set-up for SPV imaging of the Cu2O photocatalyst. Two 

light sources with a tunable light intensity and opposite irradiation direction were 

employed to perform the asymmetric photoexcitation. (b) Impact of illumination 

symmetry on the charge separation. (b1) AFM image of a Cu2O particle. (b2-b6), The 

corresponding SPVM images of the same particle under dual light irradiation. The laser 

intensity is tuned to 0% (b2), 10% (b3), 20% (b4), 40% (b5) and 100% (b6) of the lamp 

intensity. (Adapted with permission [96], Copyright 2018, Nature publishing group). 

3.2 Electron storage capacity characterizations 

The electron storage capacity can be measured by potentiometry in discharge 

process (Eqs. (10)). 

Q = I  t                                                           (10) 
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where Q, I and t are quantity of electric charge, current and time, respectively. Fujishima 

et al. measure the amount of electrons accumulated in the TiO2–WO3 film by 

potentiometry at 2 mA cm-2 (cut-off potential -0.1 V vs. Ag/AgCl) after light 

irradiation.[52] The discharge time increases as the UV irradiation time increases until 

the maximum was reached (Figure 8a). Thus, discharge capacity was calculated to be 

3.7 mC cm-2 [ = 2 (μA cm-2)  31(min)  60/1000]. Moreover, electron storage capacity 

could be titrated with electron acceptors such as methylene blue (MB),[62] C60,[97] 

CNTs,[59] or graphene oxide (GO).[98] For example, Kamat et al. measured the 

capacity of electrons in TiO2/Ag system by MB titration.[62] MB with an absorption at 

655 nm can be reduced into MB2-, a leuco dye, by discharged electrons (Eqs. (11) and 

(12)). 

TiO2/Ag(e-) + MB  TiO2/Ag + MB-•                               (11) 

2MB-•  MB2- + MB                                            (12) 

MB with a fixed increments was added dropwise into the previously irradiated TiO2/Ag 

suspension under N2 atmosphere. Since the MB2- is a colorless dye, any absorption at 

655 nm could not be observed (Figure 8b). As continued addition of MB, the electrons 

in TiO2/Ag system are exhausted. When all of the stored electrons are depleted form 

TiO2/Ag system, further addition of MB will cause an obvious absorption at 655 nm 

(Figure 8c). Therefore, electron storage capacity can be calculated by Eqs. (11) and (12). 

Some other special methods also can be used to estimate the electron storage 

capacity. For example, Reisner et al. got the electron storage capacity by the amount of 

hydrogen production in the dark (assume that all stored electrons are used to generate 
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hydrogen).[45] Zhao group reported that the electron storage capacity can be obtained 

by the amount of heavy metal ion consumption (assume that all stored electrons are 

used to reduce heavy metal ion).[28] It should be pointed out that these methods are 

only suitable for specific reactions and are not universal. The accuracy of these methods 

needs to be improved because it is based on the hypothesis that all electrons are used 

for specific reactions. Therefore, further study is necessary to develop new methods to 

precise calculate the actual electron storage capacity. 

 

Figure 8. (a) The relationship between the discharge time (at 2 μA cm-2 in NaCl solution, 

cut-off potential = -0.1 V vs. Ag/AgCl) and the UV irradiation time (Adapted with 

permission [52], Copyright 2003, Royal society of chemistry). (b) Absorption spectra 
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of TiO2 colloidal solution (5.8 mM) and AgNO3 (8.6 μM) “a” before and “b” after 

irradiated solution saturated with N2. The blue colored spectra “c-r” were recorded 

following incremental addition of MB to the suspension corresponding to “b” under N2 

atmosphere. (c) Titrations of stored electrons as measured from the changes in 

absorbance at 655 nm plotted are versus MB concentration (Adapted with permission 

[62], Copyright 2011, American Chemical Society). 

3.3 Discharge behavior characterizations 

Most electron storage materials have similar electrochromism/photochromism 

phenomenon. So the discharge behavior can be confirmed by color observation and the 

characterization of spectrophotometry. Reisner et al. reported that photoexcited NCNCNx 

in the presence of an organic substrate can accumulate ultralong-lived “trapped 

electrons”, which allow for H2 generation in the dark.[45] NiP was added to the pre-

irradiated NCNCNx suspension (blue color) under N2 atmosphere, and the 

spectrophotometry was employed to monitor the absorption peak (λ = 650 nm) in the 

dark (Figure 9a). A obvious decrease in the absorption peak at λ = 650 nm was observed, 

indicating the discharge process (trapped electrons were transferred from NCNCNx to 

NiP). The absorption peak was disappeared completely after 30 min and the color of 

the suspension converted back into yellow (the original color of NCNCNx). When adding 

a NiP-free phosphate (KPi) aqueous solution into another blue NCNCNx suspension, the 

color of solution remained blue and no obvious change can be observed in the 

absorption spectra. Thus, the changes of the color and absorption spectra is caused by 

the discharge behavior in the presence of electron acceptor (NiP). Meanwhile, H2 
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evolution was observed only in NCNCNx-NiP system in the dark (Figure 9b), which 

further demonstrated the transfer of the trapped electrons from NCNCNx to NiP 

(cocatalyst). In addition, photoelectrochemical measurements also can employed to 

verify this discharge behavior. The open circuit potential (OCP) was used to monitor 

the discharge phenomenon.[19] The OCP of NCNCNx increased to approximately -500 

mV vs NHE under irradiation, and declined to its original state after the light was turned 

off (Figure 9c). This phenomenon can be reproduced for more than 10 cycles without 

obvious changes. When increasing the illumination time, the time required for the blue 

state to decay back to the yellow state also increased (Figure 9d). This behavior 

indicated NCNCNx has a resembles capacitive charging and discharging. When the light 

is turned off, the decay of the photovoltage of the irradiated electrodes of TiO2, Pt/TiO2, 

and Ag/TiO2 was used to monitor the slow discharge of electrons, which reported by 

Choi et al.[29] Compared with TiO2 and Pt/TiO2 electrodes, the postirradiation 

photovoltage on the Ag/TiO2 electrode was obvious delayed (Figure 9e). Since storage 

electron can be released and react with O2 to produce radical, ESR also can be used to 

detect the formation of radical in the dark. For the irradiated Se NRs, a number of 

photogenerated carriers were produced and transfer to the surfaces of Se NRs to 

participate in •OH generation. After stopping the irradiation, a considerable number of 

carriers may still remain, providing excess •OH supply in the dark to alleviate the decay 

of DMPO–•OH (Figure 9f).[65] 

The released electrons react with various electron acceptors (e.g., O2, H
+, etc.) 

during “dark reaction” period. Thus, in fact, how many electrons participate in the 

ACCEPTED M
ANUSCRIP

T



25 

 

reaction of the target is uncertain because of the complexity of the environmental 

medium. It is not precise that simply describing or calculating the amount of electrons 

by the amount of final product (e.g., the amount of H2). Therefore, how to accurately 

describe the release behavior of electrons and the final destination is the future research 

direction. The development of new characterization technique to insight into the 

discharge behavior is also recommend. 

 

Figure 9. (a) Spectrophotometry of the appearance (during irradiation) and 

disappearance (upon addition of NiP in the dark) of photoexcited electrons in NCNCNx 

at λ = 650 nm. (b) Two photoreactors were prepared with NCNCNx (5 mg) and 4-MBA 

(30 μmol) in the absence of NiP in an aqueous KPi solution (0.02 M, pH 4.5, 3 mL) and 

irradiated with 1 sun irradiation (AM 1.5G, 25 °C) (Adapted with permission [45], 

Copyright 2016, American Chemical Society). (c) OCP monitored under continuous 

chopped light, showing reproducible excitation of the blue state at about 500 mV versus 

NHE. (d) Effect of longer illumination time in the presence of sodium citrate as electron 
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donor (period of illumination highlighted in yellow) (Adapted with permission [19], 

Copyright 2017, Wiley). (e) Time profiles of the normalized OCP of the bare TiO2, 

Pt/TiO2, and Ag/TiO2 electrode before, during, and after UV irradiation (Adapted with 

permission [29], Copyright 2017, American Chemical Society). (f) Time evolution of 

DMPO–•OH EPR spectrum in the dark for Se NRs (Adapted with permission [65], 

Copyright 2011, Elsevier). 

4. Applications 

The TiO2-WO3 system was developed by Akira Fujishima, et. al. in 2001 for the 

anticorrosion applications firstly under both light and dark conditions.[21] To date, on 

the one hand, various RTCPS have been investigated by many scholars. On the other 

hand, many potential applications involving the field of environmental and energy were 

emerged. In this section, we will summarize the main applications of various RTCPS 

recently. Moreover, the challenges and potential applications in future are also 

mentioned. 

4.1 Removal of heavy metal ion 

Efficient reduction of heavy metal ions (e.g., Cr6+, Hg2+, and Ag+ et. al.) in dark 

have been achieved in TiO2-WO3 system.[28] WO3-TiO2 can store electrons under UV 

light irradiation even in the presence of O2 and these stored electrons can be released to 

reduce heavy metal ions. This study substantially revealed that toxic heavy metal ions 

were good electron acceptor, which can be reduced easily by the trapped electrons in 

TiO2-WO3 system. It is need noted that O2 as the electron sacrificial agent can inhibit 
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the storage of electrons. However, the electrons reacted with O2 can generate some 

reactive oxygen species (ROS) such as •O2
⁻ , which can be applied to the degradation 

process. Thus, the charging process should try to avoid the presence of O2, while the 

discharging process can utilize O2 to produce ROS for environmental cleaning. 

A recent study has shown an interesting application of this RTCPS, which is a 

sequential process combination of photocatalytic oxidation and dark reduction.[29] 

Choi group demonstrated a sequential process of photocatalysis-dark reaction, wherein 

4-chlorophenol (4-CP) were degraded on Ag/TiO2 under UV light illumination and the 

reduction of Cr6+ in the dark was subsequently followed (Figure 10). During the 

photocatalytic reaction period, photogenerated electrons were stored in Ag NPs while 

photogenerated holes performed the degradation of 4-CP. In the dark reaction period, 

the trapped electrons in Ag NPs coupled with the reaction intermediates were used to 

reduce Cr6+ (Figure 10). The idea of not only using the photocatalytic reaction period 

(daytime) but also the dark reduction period (night time) for environmental remediation 

could be an interesting strategy. In addition, a spontaneous reduction of Cr6+ was also 

observed on InSnS2[30] and Ti3C2[99] under dark condition. 
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Figure. 10 The mechanism of photocatalytic degradation of 4-CP and the following 

reductive removal of Cr6+ in the dark (Adapted with permission [29], Copyright 2017, 

American Chemical Society). 

4.2 Degradation of pollutant 

The first example that applied to the RTCP degradation was reported in TiO2-

Ni(OH)2 system.[69] The holes (oxidative energy) stored in the TiO2–Ni(OH)2 bilayer 

film under light irradiation can be used to oxidize various species such as phenol, 

aldehydes, formate and alcohols in the dark. It was demonstrated that these species were 

probably oxidized by the NiOx(OH)2-x (the oxidized state of Ni(OH)2) because of the 

storage of oxidative energy. The mechanism is as follows (Eqs (13)-(15)): 

NiOx(OH)2-x + xH2O + xe‾  Ni(OH)2 + xOH‾                          (13) 

CH3OH + 6h+ + 6OH‾  CO2 + 5H2O                                 (14) 

HCHO + 4h+ + 4OH‾  CO2 + 3H2O                                  (15) 

In addition, the dark catalytic activity of TiON/PdO system was investigated on the 

degradation of MB dye.[20] TiON/PdO sample was firstly illuminated for about 10 h 
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to simulate the daytime sunlight irradiation. As a control, another TiON/PdO sample 

only kept in dark. After the light source was removed off, the dark reaction between 

MB and TiON/PdO was studied. As the reaction time increase, the adsorption process 

gradually achieved the equilibrium (about 2 h), and no obvious change of MB residual 

concentration can be observed in TiON/PdO without prior illumination. Interestingly, 

further decrease of the MB residual concentration was observed in TiON/PdO with 

prior illumination (Figure 11a). This results demonstrated that the degradation of 

residual MB stem from catalytic “memory” effect not the adsorption. Se NRs have also 

been reported to possess the dark catalytic activity toward MB.[65] In another report, 

platinized semiconductor particles (Pt–HCa2Nb3O10) can catalyze room temperature air 

oxidation of MO without light.[32] The WO3/TiO2 microspheres were prepared and 

investigated for the degradation of MO in dark.[34] It was found that the WO3/TiO2 

hollow microsphere composites showed the excellent degradation efficiency (22%) in 

dark after exposure to visible light for a period of time. 

For another example, a g-C3N4/CNTs/graphene (CN-CNT-Gr) photocatalyst was 

studied on the degradation of phenol.[38] Figure 11b showed the degradation of phenol 

by the g-C3N4 sample and different CN-CNT-Gr samples (CN-CNT-Gr1, CN-CNT-Gr2 

and CN-CNT-Gr3, which represent mass ratio of g-C3N4 : CNT-Gr are 1:1, 2:3 and 1:2, 

respectively.) after 5 h irradiation. No obvious postirradiation catalytic effect was 

observed for the g-C3N4 sample under dark condition. The postirradiation catalytic 

effect of CN-CNT-Gr was improved with the addition of g-C3N4 compared with the 

simple g-C3N4. The removal efficiency of CN-CNT-Gr2 catalyst toward the degradation 
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of phenol with 5h was about 25.3%, which was 1.1 and 1.2 times greater than that of 

CN-CNT-Gr3 (22.9%) and CN-CNT-Gr1 (20.6%), respectively. However, the 

postirradiation catalytic effect was greatly inhibited with the addition of AgNO3 (Figure 

11c). This experimental result demonstrated that stored electrons were the vital active 

species in the degradation of phenol without irradiation. They proposed the catalytic 

mechanism according to the experimental result (Figure 11d). First, under visible light 

illumination, the layer g-C3N4 can be excited to generate photogenerated electrons in 

the CB of g-C3N4. Next, these photogenerated electrons can further transfer to the 

surface of CNT-Gr and easily react with O2 to generate •O2
-. In addition, a part of 

electrons would captured and stored by the CNT-Gr. When the light source was 

removed out, these captured photoelectrons were released to the surface of catalyst 

again, where they can participate in the production of •OH radicals through interaction 

with O2 and H2O. It should be pointed out that electron can be stored in CNT-Gr because 

they are often used as supercapacitors due to their high electron-storage capacities and 

good electrical conductivity.[100] Supercapacitors store the electron via two operating 

mechanisms including electrochemical double-layer capacitance (EDLC) and pseudo-

capacitance.[101] It was reported that CNT are characteristic of both the EDLC and the 

pseudo-capacitance. For a detailed description of the mechanism of electron storage by 

CNT, the readers can refer to the reference in the field of supercapacitors.[101] 

Recently, Hsu et al. reported that Au@Cu7S4 yolk@shell nanocrystal-decorated 

TiO2 nanowires (TiO2-Au@Cu7S4) were capable of performing efficient MO 

degradation in whole day.[22] Firstly, the degradation of MO was performed in sunlight 
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(04:30 p.m. local time). With the arrival of the nighttime (06:30 p.m. local time), the 

MO residual concentration further decrease when adding H2O2 into reaction solution. 

In the daytime, approximately 76 % of MO was removed by the photocatalytic 

degradation of TiO2-Au@Cu7S4. Then, the peroxidase mimic effect of Au NPs work at 

night, and the residual MO was completely degraded before the sun rose next morning 

(Figure 11e). 

 

Figure 11. (a) MB residue percentage versus treatment time with TiON/PdO fibers 

(Adapted with permission [20], Copyright 2008, Weliy). (b) Phenol (C0 = 5 mg·L-1) 

removal in the dark with g-C3N4 and different CN-CNT-Gr samples after prior 

illumination for 5 h. (c) Phenol removal in the dark with CN-CNT-Gr2 that was 

illuminated for 5 h upon the addition of AgNO3. (d) Schematic diagram illustrating the 

removal of phenol in the dark by the CN-CNT-Gr2 catalyst illuminated for 5 h (Adapted 

with permission [38], Copyright 2017, American Chemical Society). (e) Demonstration 

of using TiO2-Au@Cu7S4 as an all-day-active photocatalyst for MO degradation. The 
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controlled experiment without catalyst addition was also conducted for comparison 

(Adapted with permission [22], Copyright 2017, Elsevier). 

4.3 Disinfection 

TiO2-WO3 system was also used to bactericidal disinfections.[39] The discovery 

of TiO2-WO3 for such antimicrobial applications has been fundamentally helpful in 

understanding their possible mechanisms of their photocatalytic activity under dark 

conditions. TiO2-WO3 photocatalyst films can be charged under UV light irradiation. 

When exposure in dark about 6 h, These films still displayed a decent bactericidal effect 

against Escherichia coli (E. coli). Experimental studies showed that the observed origin 

of the antibacterial activity of TiO2-WO3 films was mainly stem from the production of 

•HO2 and H2O2 generated by the reaction between the released electrons and O2 in the 

dark. 

Generally speaking, the disinfection ability of semiconductors arise from the 

photo-generated carriers. The interreact can be happened directly between the bacterial 

membrane lipids and holes, or by the generation of •OH indirectly (such as reacting 

with the OH-) to perform chemical transformations on the biomolecules.[102] The 

produced electrons can be scavenged by electron acceptor in surrounding 

environmental media (e.g., H+).[103] However, all of these reactions can only occur 

under light conditions. Interestingly, Liu et al. found that Ag NPs/TiO2 coatings (TOC) 

can still remain the bactericidal effect in the dark.[63] The excellent bactericidal effect 

is highly related to the stronger electron storage capability of Ag NPs, which can induce 

accumulation of adequate holes on TOC, arousing oxidation reactions to bacterial cells 
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in the dark. The mechanism was shown in Figure 12a. A ‘‘bacterial charging’’ process 

can happen in the dark (Electrons produced by bacteria can be transferred into the 

surface of TOC surface and finally captured by the Ag NPs). Because the Schottky 

barrier effect at the Ag NPs/TOC interface and the Helmholtz capacitance effect at the 

Ag NPs/solution interface, which blocks carriers recombination and limits the release 

of captured electrons to solution. Consequently, holes accumulate on the surface of 

TOC side adjacent to Ag NPs/TOC boundaries, resulting in a significant oxidation 

reactions and disinfection action. It should mention that Ag has a well-known 

bactericidal capability by its own. It has been reported that Ag nanoclusters release Ag0, 

Ag+ ions and Ag atoms can rapidly kill bacteria.[104] Ag+ ions are strong electron 

donors can interact with thiol groups in cell proteins, causing inactivation of respiratory 

enzymes of bacteria.[105] To date, some mechanisms have been postulated for the 

bactericidal capability of Ag NPs: (i) Adhesion of Ag NPs to the surface of the bacteria 

changes the permeability of the membrane;[106] (ii) Ag NPs penetrate bacterial cells, 

resulting in DNA damage; (iii) dissolution of Ag NPs releases antimicrobial Ag+ 

ions.[105] Thus, Ag itself can also display pronounced disinfection effect in the dark, 

which may also contribute the observed dark disinfection activity. The bactericidal 

effect caused by Ag is complex and requires specific analysis under specific systems 

and conditions. 

In addition to Ag NPs, Au NPs coupled with Cu2O nanocrystals (Au@Cu2O 

core@shell nanocrystals) has been synthesized by Lin et. al. and use as the dual-

functional catalyst that can continuously operate under illumination and darkness 
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conditions for efficient E. coli inactivation.[107] They concluded that the bactericidal 

mechanism can be ascribed to the peroxidase mimics of the Au core and Fenton 

reactivity of the Cu2O shell. Additionally, nanocomposite that composed of TiON/PdO 

was studied for the photocatalytic disinfection of E.coli under dark.[95] It was observed 

that PdO was the origin for the observed electron storage and dark anti-bacterial 

properties of the nanocomposite. Under light irradiation, the TiON can be excited to 

produce electron-hole pairs. The photogenerated electrons can transfer from TiON to 

PdO NPs and are partly captured by PdO NPs. These captured electrons may transfer 

back into the TiON or react with O2/H2O to generated radicals. The catalytic ability 

could be maintained even in the dark, as long as the electrons are released continuously , 

hence creating a catalytic memory effect (Figure 12b). A similar mechanism was also 

reported for the antibacterial activity in the TiO2/Cu2O system towards E.coli,[108] 

SnO2 NPs decorated Cu2O nanocubes towards Staphylococcus aureus (S. aureus),[109] 

titanium oxide system[43] towards E. faecalis and E. coli under dark conditions. 

Recently study suggested an external electrical current is applied to capacitive 

TiO2 nanotubes doped with carbon (TNT-C), which can continue to kill bacteria after 

the positive direct current (DC+) power has been turned off.[110] The remarkable 

disinfection ability were due to the inherently excellent capacitance and discharging 

capacity. The stress in the bacteria was generated via interface electron transfer, which 

improved the production of intracellular ROS and deforms the morphology of bacteria, 

thereby leading to bacteria death (Figure 12c). This mechanism is actually similar to 

the above-mentioned TiON/PdO mechanism, which both are based on the principle of 
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carrier storage and release. The only difference is that the former is charged by the 

external electrical current while the latter is charged by the light radiation. The origin 

of the observed anti-bacterial activity of the two systems were both due to the 

generation of ROS which destroyed the structure of bacterial cell. 

 

Figure.12 (a) Illustration for extracellular electron transfer stimulated biocide action of 

Ag/TOC composites in the dark. That is, electrons are transferred from the bacterial 

membranes to the TOC surface, stored on the Ag NPs (‘‘bacterial charging’’), and 

induce valence-band hole (h+) accumulation at the TOC side that explains cytosolic 

content leakage (Adapted with permission [63], Copyright 2012, Elsevier). (b) 

Schematic illustration of the process of photoelectrons flowing to PdO NPS on TiON 

matrix under visible light illumination and the process of discharging of PdO NPs when 

the visible light is switched off (Adapted with permission [95], Copyright 2010, Royal 

Society of Chemistry). (c) Diagram showing antibacterial mechanism. Proposed 

antibacterial process on DC+ charged TNT-C based on the experimental results 

(Adapted with permission [110], Copyright 2018, Nature publishing group). 
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4.4 Hydrogen generation 

NCNCNx was demonstrated as a promising material for the generation of hydrogen 

in the dark.[19, 45, 46] In nature, photosynthesis in plants is the typical biological 

process for efficient energy conversion and utilization. Photosystems I and II separate 

the photo-generated carriers efficiently via the electron-transport chain, which divide 

the overall reaction into two halves, thereby inhibiting carrier recombination and back 

reaction. Calvin–Benson cycle is a “dark” process that utilizes the energy of storage 

electrons such as ATP to produce carbohydrates. Inspirited by this mechanism, V. 

Lotsch group reported an photocatalytic system that employs NCNCNx as the catalyst, 

which can decouple the light and dark reactions to enable the hydrogen generation 

under dark.[19] They concluded this mechanism was due to the formation of long-lived 

radicals in cyanamide-functionalized polymeric network of heptazine units, which can 

release its captured electrons in the dark to generate hydrogen. As shown in Figure 13 

(a, c), first involves production of the long-lived radical by pre-irradiating NCNCNx 

suspension in the presence of electron donors. After illuminating, the reaction was put 

in the dark environment and then hydrogen is evolved with the addition of Pt colloid. 

The amount of hydrogen generated within 2 h usually reached maximizes after stop of 

illumination and the color of NCNCNx reverse back to yellow (Figure 13 b). Figure 13 d 

showed that H2 production in dark can be performed nearly12 h after illumination 

stopped, thereby demonstrating the reaction time of these long-lived radicals exceed 

the nighttime duration. A similar phenomenon was also appeared when Pt colloid was 

replaced with a NiP solution (Figure 13 e).[45] 
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Figure 13. (a) Schematic summary of the dark hydrogen evolution process: 1. 

Irradiation of the NCN-CNx suspension to form the blue radical state; 2. Addition of a 

solution of hydrogen evolution cocatalyst under oxygen-free transfer in the dark, and 3. 

Evolution of hydrogen with the concomitant reversal of suspension color. (b) 

Photographs of the “blue radical” (left) and its color reversal subsequent to dark 

hydrogen evolution (right). (c) Plot illustrating the process of dark hydrogen evolution 

as a function of time, in which the region highlighted in yellow corresponds to the 

period of irradiation. (d) Maximum dark hydrogen evolved as a function of the time 
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between switching off the light and injection of the Pt colloid (Adapted with permission 

[19], Copyright 2017, Wiley). (e) Schematic representation of a closed redox system 

for simultaneous proton reduction and alcohol oxidation in aqueous solution (Adapted 

with permission [45], Copyright 2016, American Chemical Society). 

4.5 Other applications 

As mentioned, the classical application of electron storage system was the 

anticorrosion applications. It was reported that the corrosion property of TiO2 coated 

type-304 stainless steel was suppressed under UV irradiation, however, as to protect the 

material even under dark.[21] Apart from removal of heavy metal ion, degradation 

pollutants, disinfection and hydrogen generation, how can we use stored electrons? Our 

group developed a method, named “dark deposition” (DD) that Ag NPs can be 

deposited on the surface of TiO2 in the dark.[31] Compared with traditional photo-

deposition (PD), DD can inhibit the growth of Ag NPs. Generally speaking, smaller-

sized Ag NPs have higher electron storage capacity over a range of sizes.[62] Therefore, 

Ag NPs in TiO2@Ag prepared by DD (TiO2@Ag-DD) have has maximum electron 

capacity (1 μmol/mg), higher than TiO2 (0.11 μmol/mg) and TiO2@Ag prepared by PD 

(TiO2@Ag-PD) (0.35μmol/mg). Mechanism and process of DD and PD was showed in 

Figure 14 (a, b). In absence of O2, photogenerated electron on TiO2 can be captured at 

the Ti3+ site. After turning off the light and adding AgNO3, the captured electrons can 

be released and in situ reduce Ag+ to metallic Ag NPs (Figure 14a). Since the captured 

electrons are deterministic and no further electrons are generated, Ag NPs will 

uniformly formed on the surface of TiO2 and will not grow further. Inversely, a mass of 
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electrons are generated sustainability during the PD process. Once small Ag particles 

are formed, photogenerated electrons will rapidly transfer into Ag NPs, resulting in NPs 

growth because of the co-catalytic effect of metal NPs (Figure 14b).[111] Moreover, 

the enhanced “dark catalytic” activity was confirmed by various degradation 

experiments and mechanism was proposed in Figure 14c. During the photocatalysis 

period, extra photogenerated electrons would be accumulated on Ag NPs due to its 

capacitive nature (charging). Then, the captured electrons can be released and react with 

appropriate electron acceptors such as O2, H2O2, S2O8
2-, and BrO3

- to generate active 

radicals in the dark (discharging). TiO2@Ag-DD as an all-day-active catalyst for the 

degradation of MO-MB mixture in natural sunlight was performed. Firstly, the 

degradation of the MO-MB mixture was carried out at daytime (afternoon, 04:30 p.m. 

local time). Subsequently, the degradation of residual MO-MB mixture was proceed 

with the addition of S2O8
2- at nighttime (06:30 p.m. local time) (Figure 14d). As shown 

in Figure 14e, around 55 and 65 % of MB and MO were degraded during daytime, 

respectively. Interestingly, the residual concentration of MO and MB further decreased 

at night due to the “dark catalytic” effect of as-prepared catalyst. This experiment 

displayed that the combination of photocatalysis and “dark catalytic” may offer a 

promising strategy for the continuous environmental purification in whole day. 

In a sum, recent studies on the application of RTCPS are summarized in Table 1. 

It is well known that the photocatalysis is widely used for environmental purification 

and energy conversion applications. However, photocatalysis has other interesting 

applications, including (i) agricultural applications;[112] (ii) biodiesel productions;[113] 
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(iii) medicinal applications (e.g., bio-implants[114, 115] and cancer treatments[116, 

117]); and (iv) atmospheric sciences.[118] These potential applications should be 

combined with RTCPS to produce a more widespread applications.

 

Figure 14. Mechanism and Process of (a) DD and (b) PD. (c) Dark catalytic reaction 

mechanism. (d) Image of the MO-MB mixture solution degradation in the outdoor 

environment. (e) Removal of the MO-MB mixture solution in the outdoor environment. 

(Adapted with permission [31], Copyright 2018, American Chemical Society). 
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4.6 Limitation in practical application 

Although many potential applications in RTCPS including the removal of heavy 

metal ions, degradation of pollutant, disinfection and hydrogen generation have been 

reported, the present studies were in its infancy and the practice application might be 

impeded by many problems such as low reaction activity and short dark reaction time. 

The dark reduction of Cr6+ in Ag/TiO2 system was only performed 300 min.[29] MB 

degradation by preirradiation Se NRs in the dark only can maintain 20 min and the 

degradation activity was very limited.[65] Although H2 production in pre-irradiating 

NCNCNx suspension can be performed nearly 12 h after illumination stopped, the yield 

of H2 is not optimistic.[19] For electron storage system, the key issue is to increase the 

electronic storage capacity and to properly control the electron release rate. For 

fluorescence-assisted system, how to enhance the absorption of light by long afterglow 

phosphors is the key to improve dark reaction activity. In a sum, more effort is required 

to design more efficient RTCPS with high reaction activity and long reaction time for 

future practice applications. 
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Table 1 

Catalytic system Mechanism Applications Reference 

TiO2-WO3 Electron storage Anticorrosion [21] 

TiO2-WO3 Electron storage Reduction of Cr6+, Hg2+, 

and Ag+ 

[28] 

TiO2/Ag Electron storage Reduction of Cr6+ [29] 

TiO2-Ni(OH)2 Hole storage Degradation of alcohols, 

aldehydes, phenol, etc. 

[69] 

TiO2-Ni(OH)2 Hole storage Oxidation of methanol 

and formaldehyde 

[70] 

TiO2/SiO2/MnOx Hole storage Oxidation of multicarbon 

compounds 

[75] 

TiONa)/PdO Electron storage Degradation of MBb) [20] 

Se nanorod Electron storage Degradation of MB [65] 

Pt–HCa2Nb3O10 Electron storage Degradation of MOc) and 

methanol 

[32] 

WO3/TiO2 Electron storage Degradation of MO [34] 

C3N4/CNTsd)/graphene Electron storage Degradation of phenol [38] 

TiO2-Au@Cu7S4 Peroxidase mimic Degradation of MO [22] 

g-C3N4/ Sr2MgSi2O7: 

(Eu, Dy) 

Fluorescence assist Degradation of MO and 

RhBe) 

[17] 

Cu2O/TiO2 Fluorescence assist Degradation of RhB and [87] 
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BPAf) 

Ag3PO4/Sr4Al14O25: 

(Eu, Dy) 

Fluorescence assist Degradation of RhB [88] 

CaAl2O4:(Eu,  

Nd)/TiO2-xNy
g) 

Fluorescence assist Degradation of NO [90] 

CaAl2O4:(Eu, 

Nd)/TiO2-xNy 

Fluorescence assist Degradation of 

acetaldehyde 

[23] 

TiO2–WO3 Electron storage Disinfection (E. colih)) [39] 

Ag NPs/TiO2 coatings Electron storage Disinfection (S. aureusi) 

and E. coli) 

[63] 

TiON/PdO Electron storage Disinfection (E. coli) [95] 

TiO2/Cu2O Electron storage Disinfection (E. coli) [108] 

SnO2/Cu2O Electron storage Disinfection (S. aureus) [109] 

TiO2 nanosheets Electron storage Disinfection  

(E. faecalisj) and E. coli) 

[43] 

TNT-Ck) Hole storage Disinfection (S. aureus 

and E. coli) 

[110] 

NCNCNx
l) Electron storage Hydrogen generation [19] 

NCNCNx Electron storage Hydrogen generation [45] 

CCNm) Electron storage Hydrogen generation [46] 

TiO2@Ag Electron storage Deposition method [31] 

a) TiON: nitrogen-doped TiO2; 
b) MB: methylene blue; c) MO: methyl orange; d) CNTs: 
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carbon nanotube; e) RhB: rhodamine; f) BPA: bisphenol A: g) TiO2-xNy: nitrogen-doped 

TiO2; 
h) E. coli: Escherichia coli; i) S. aureus: Staphylococcus aureus; j) E. faecalis: 

Escherichia faecalis; k) TNT-C: carbon-doped TiO2 nanotubes; l) NCNCNx: cyanamide-

functionalized heptazine-based polymer; m) CNN: cyano-groups modified g-C3N4. 

5. Conclusion and outlook 

At present, there are four mechanisms for RTCP, namely, electron storage 

mechanism, hole storage mechanism, peroxidase mimic mechanism and fluorescence-

assisted mechanism. Among them, most RTCPS are based on electron storage 

mechanisms. This system is generally composes of two kinds of materials, a SC and an 

ESS. Under irradiation, SC as the photocatalyst provided photogenerated electrons 

while ESS as electron sink trap the electrons from SC. When light is removed, ESS can 

release the trapped electrons to appropriate electron acceptors such as O2 and H+, etc. 

“Dark catalysis” activity arise from the reaction of released electron and electron 

acceptors, which have been widely used in the field of environment and energy, 

especially, disinfection and pollutant removal. The “dark catalysis” activity is related 

to the electron storage capacity. In TiO2-WO3 system, amount of charges stored is 

demonstrated to be dependent on the M+ ionic radii. The electron storage capacity 

ascends with increasing ionic radii, which can be elucidated by the ability of larger ions 

to remain in the structure for a longer period of time. In TiO2/Ag system, The electron 

storage capacity are mainly dependent on the size of Ag NPs. Smaller-sized Ag NPs 

were demonstrated to have higher electron capacity. High valence metal oxide such as 

WO3 can store electrons mainly due to the abundant valence change of high valence 
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metal ion (e.g., W+6, W+5, etc.). Intercalation of ions stabilizes materials to maintain 

electrical neutrality. While the electron storage ability of Ag NPs stem from its 

capacitive nature, which can trap electrons and impedes the charge transfer out of its 

surface. 

It should be pointed out that recent RTCPS are mostly discovered in TiO2, WO3, 

Ag and C3N4 based material system, whereas the study of other systems are still limited. 

Developing new materials system may provide more opportunities for future studies. 

Although many advance characterization techniques have been developed to study the 

charge and discharge process of trapped electrons, more intuitive characterization 

methods are still very limited. It is also of great significance to develop some methods 

to precisely and quantitatively estimate the electron storage capacity. Note that present 

study is still at the infant stage and there are still many problems in practical 

applications such as low reactivity of electrons and short reactive time during dark 

period. Moreover, the application range of RTCP is also very limited. However, it 

should point out that by designing new photocatalytic reactor and coupled with other 

technology can improve the practical utilities of RTCPS. For example, Li et. al. 

developed a new RTCPS involved a photocatalytic reactor equipped with solar 

batteries.[119] The Bi2O3/TiO2 photocatalyst started photocatalytic degradation of 

organonitrogen compounds under sunlight. Meanwhile, solar batteries convert sunlight 

into stored electrical energy to started UV lamps at night, leading to RTCP degradation 

of pollutants. Additionally, inorganic nitrogen species resulting from organonitrogen 

compounds degradation can be absorbed by the plant as a fertilizer, which further 
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reduce the secondary pollution. It is also of great significance to study the combination 

of RTCPS and advanced oxidation technology to further advance its practical 

application. Further investigations of this system may find more appropriate 

applications. 
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