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Abstract:  

Even though dyes have often been used as a model pollutant in photocatalytic degradation tests, 

their utilization as a substrate might cause unreliable results. Under visible-light (vis) irradiation, 

dye absorbs light and might sensitize wide-bandgap photocatalyst, which usually is only active 

under UV. Consequently, dye-decoloration analysis should not be used in the evaluation of 

photocatalytic activity under vis. To obtain reliable data, colorless compounds are commonly 

considered as much better substrates for photocatalytic activity testing since they do not absorb 

vis. However, more expensive analytic methods (e.g., gas and liquid chromatography) than simple 

UV/vis spectrophotometry (or even spectrometry) must be used for estimation of their 

concentration. Moreover, colorless compounds might also interact with UV-active photocatalyst, 

e.g., via molecule to band charge transfer (MBCT), causing photoinduced activity under vis 

irradiation. Accordingly, this review presents possible prospective methods for reliable but also 

inexpensive testing of photocatalytic activity under vis irradiation.   

 

Keywords: photocatalytic activity; visible light; colorimetric analysis; dye decolorization; 

activity evaluation; colorless compound 

 

1. Introduction 

Water contamination as a result of improper disposal of wastes originating from various 
human activities, such as industry, medical facilities and agriculture, has been one of the major 
environmental problems [1,2]. Carcinogenic dyes, antibiotics and heavy metal ions are probably 
the most dangerous contaminants since they might cause fatal problems for human and aquatic life 
in the long term. There are many different methods of both pollution prevention and waste 
treatment. Considering the latter, heterogenous photocatalysis, belonging to advanced oxidation 
processes (AOPs), is one of the most preferable methods because high efficiency of pollutant 
mineralization could be achieved under mild conditions with negligible secondary pollution [3-6]. 
Photocatalysis as a method for pollutant mineralization can proceed simply with the use of only 
photocatalyst and light, and in the presence of air (Additional bubbling of air/oxygen is usually 
not necessary, though in some cases it might accelerate the purification process) [7-9]. Commonly, 
UV lamps are used as the light source due to the abundant availability of UV-active photocatalysts, 

e.g., the most famous − titania (titanium(IV) oxide). However, the use of UV lamps results in 
creation of additional costs (both investment and operation) for photocatalytic processes. 
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Therefore, many attempts have been made on the possibility of application of natural solar 
radiation as the light source for photocatalytic reactions. For example, the research on vis-active 
photocatalysts has attracted extensive attention as solar radiation consists of ca. 46% visible light, 
and thus many studies on preparation and characterization of vis-active materials have been carried 
out [10-13]. It should be pointed out that though vis-active photocatalysts could be successfully 
prepared, their activity under vis is usually much lower than that of titania under UV, and thus 
checking of their activity is not so simple. Accordingly, it must be underlined that a reliable method 
to evaluate the photocatalytic activity under vis is highly needed [15]. 

The most common method for activity testing is dye-decoloration analysis, because it is 
simple, fast and cheap - the necessary instrument, i.e., spectrophotometer, is easily available in 
most laboratories. However, for evaluation of photocatalytic activity under vis irradiation, the 
utilization of dye as a substrate might cause unreliability due to photocatalyst sensitization 
(commonly used effect in dye-sensitized solar cells) [16-18]. On the other hand, the utilization of 
colorless compounds has been considered as a reliable method since they do not absorb visible 
light. However, chromatographic analysis is usually used for quantitative measurements of these 
compounds (and their degradation products), which is much more expensive than 
spectrophotometric analysis (or even spectrometric one) and not often available in some 
laboratories, especially in developing countries. Accordingly, the analysis of colorless compounds 
by spectroscopic methods is the most wanted. Indeed, there are some reports showing that it is 
possible. However, even though photocatalyst sensitization can be avoided, it has been found that 
colorless compound might interact with photocatalyst, inducing an enhancement of 
photoabsorption in vis region.  

This review presents the problems and challenges of using dyes and colorless compounds as 
model compounds in photocatalytic-activity evaluation, and proposes the possible colorimetric 
method for a reliable evaluation of photocatalytic activity of vis-active materials. 
 

2. Photocatalytic activity 

2.1. Definition and Principles of Photocatalytic Activity 

Photocatalytic activity/reaction or photocatalysis is often defined as a change of reaction rate 
caused by light absorption by photocatalyst [19]. Semiconductor photocatalysis occurs when 
semiconductor is excited (under irradiation) with light of energy same (or larger) than its band-
gap energy [20]. As a result of light absorption, electrons (e−) are excited from the valence band 
(VB) to the conduction band (CB), thus forming charge carriers, i.e., electrons in CB and positive 
holes (h+) in VB, which then migrate to the conduction band bottom (CBB) and valence band top 
(VBT), respectively. The photogenerated e− and h+ might either recombine (activity loss) or react 
with other compounds to initiate various redox reactions [21,22]. The respective reduction and 
oxidation reactions by photogenerated e- and h+ are determined by the energy levels of CBB and 
VBT, respectively. More negative energy (more cathodic) of CBB and more positive energy (more 
anodic) of VBT than that of respective reduction and oxidation reactions, respectively, are 
necessary to initiate those reactions [23]. 

Therefore, based on the definition, it is necessary to confirm that the observed reaction 
(evaluated either via the formation of products or the consumption of reagents) originates from the 
photogenerated charge-carriers of photocatalyst. Action-spectrum analysis, i.e., wavelength 
dependence of apparent quantum efficiency (AQE), could be a possible method to confirm the 
origin of photocatalytic activity [24]. To calculate AQE, two rates must be estimated first, i.e., the 
reaction rate (multiplied by the number of necessity electrons/holes to drive this reaction) and the 
rate of incident photons (entering the reaction systems; thus “apparent” efficiency term is used 
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since it is hardly possible to estimate how many photons are really absorbed by photocatalyst), as 
shown below (eq. 1) [12,25,26]. 

 
AQE = n × r / Φ         eq. 1 

 
where: 

n −  number of participated e− or h+ in the reaction 

r  − photocatalytic reaction rate (mol s−1) 

Φ − rate of incident photon (mol s−1). 
 

It should be pointed out that photocatalysis might involve a complex reaction, e.g., radical chain 

mechanism, e.g., initiated by generation of reactive oxygen species (ROS), such as hydroxyl 

radical (•OH), superoxide anion radical (•O2
−), hydrogen peroxide (H2O2), and singlet oxygen (1O2), 

which is accelerated under aerated condition [27,28]. However, for convenience, the effect of 

possible radical chain mechanism is usually neglected, and the consumption of charge carriers (e-

/h+) is assumed considering the stoichiometry of studied reaction. 

2.2. Semiconductor photocatalysts 

A semiconductor photocatalyst is usually defined as a material that can form charge carriers 
through excitation by light irradiation, and then utilize those photogenerated electrons and holes 
for chemical reactions. It means that photocatalyst is directly involved in the reaction, but these 
reactions could not change its properties (the photocatalyst must be stable) [29,30]. Inorganic 
materials, such as metal oxides (titanium(IV) oxide (TiO2), zinc oxide (ZnO), and tungsten oxide 
(WO3)) [22,31], metal sulphides (cadmium(II) sulfide (CdS) and zinc(II) sulfide (ZnS)) [21], and 
metal (oxy)nitrides (e.g., tantalum nitride (Ta3N5) and tantalum oxynitride (TaON)) [32,33], have 
been widely used as photocatalysts. However, for past few decades, the interest in organic-origin 
materials, e.g., polymeric carbon nitride (C3N4, formed from melamine, cyanamide or 
dicyandiamide during polymerization) and conductive polymers as a photocatalyst has also been 
increasing [34-37].  

As already mentioned, the  energy of CBB and VBT determines the possibility of 
photocatalytic reaction to proceed. On the other hand, also properties of photocatalysts, e.g., 
crystalline phase, specific surface area and crystal/particle size, might affect the performance of 
photocatalysts. For example, in aerobic decomposition of organic compounds, high content of 
anatase phase (one of the crystalline forms of titania) often corresponds to high photocatalytic 
activity. There are two contrary reasons proposed in the literature (depending also on CBB/VBT): 
(i) the more negative position of anatase CBB than that of rutile (another form of titania), enabling 
the formation of O2

•− from O2 [38-40], and more positive VBT of anatase than that of rutile, 
resulting in higher oxidation power of formed holes [41,42]. Additionally, high content of defects 
and high specific surface area are also desirable for photocatalytic decomposition of organic 
compounds[38,43-45]. However, anatase does not always have superior photocatalytic activity, 
especially in reduction reactions. Moreover, crystalline phase often correlates with particle size, 
and hence, it is not easy to predict photocatalytic activity just from the crystalline form [38]. For 
example, in the photocatalytic evolution of hydrogen (H2) on Au- or Pt-modified titania, rutile and 
anatase with large and fine particles, respectively, show high photocatalytic activity. It should be 
pointed out that not only photocatalyst properties, but also external factors, such as pH value, also 
affect the photocatalytic activity [46]. All these aspects on property/condition-governed activity 
(though very important also for this manuscript) are not discussed here in details since many 
valuable papers, including also reviews, have already been published in this topic [38,43,47].  
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3. Dye-Decoloration Analysis for Pollutant Degradation Purpose 

At the beginning, photocatalytic decoloration of dyes was widely investigated due to urgent 
need to solve the problem of water contamination with dyes. Therefore, initially, dye decoloration 
was not used to evaluate the level of photocatalytic activity of various photocatalysts, but it was 
merely intended to decompose dye pollutants in water [48]. Accordingly, many reports on dye 
decoloration by different AOPs (processes based on generation of hydroxyl radicals as oxidation 
species), have been published, including also photocatalytic degradation. The effect of 
photocatalytic degradation has been tested for different types of dyes, as shown in Table 1.  The 
research has focused mainly on the optimization of experimental conditions of dye degradation 
(pH values, concentration of dyes, content of photocatalyst, co-existence of other artificial and 
natural compounds in (waste)water, intensity and duration of irradiation and aspects connected 
with photoreactor design, operation conditions and energy cost, as well as combination of 
photocatalysis with other treatment methods) [49-65]. The analysis of the level of dye decoloration 
has usually been performed, based on the change in dye concentration, tested (after photocatalyst 
separation) by a spectrophotometer (or spectrometer), using the Lambert-Beer’s law (eq. 2). 

 
A =  log (I0/I) = −log T = ε × c × d      eq. 2 
 

where: 

A − absorbance 

I0 −  initial intensity of the light beam before passing through the sample solution 

I − light-beam intensity after passing through the sample solution 

T − transmittance 

ε − molar absorptivity 

c − concentration of chemical compound 

d − thickness of the sample cuvette-cell. 
 
It should be mentioned that most of these tests have been performed under UV or UV/vis 

irradiation (usually with the use of mercury or xenon lamps), and thus at the parameters correlating 
well with the optimal conditions of reaction for the most active wide-bandgap semiconductors, 
such as titania. Of course, there are also many reports (especially nowadays) showing degradation 
of dyes under natural or simulated solar radiation, which are performed to prove that dye 
decoloration could be successfully achieve in nature, and thus with almost no costs [66-71]. 
However, it must be stressed that in such case, the mechanism of dye decoloration might not be 
clearly explained as the direct effect of photocatalyst activation, as discussed further. 

 
Table 1. Examples of dyes used as model substrates for testing of photocatalytic degradation 

Name Molecular structure Tested parameters λmax/nm Ref.  

congo red 

 

 

pressure of membrane, 

initial dye concentration 

498 49 
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patent blue 

 

639 

maxilon red - 

pH 

530 

50 

methyl violet 

 

587 

cibacron blue 

 

609 

reactive yellow 

17 

 

initial dye 

concentration; amount 

of photocatalyst; pH, 

amount of hydrogen 

peroxide, potassium 

persulphate, sodium 

carbonate and sodium 

chloride 

596 51 

red-3BA 

 

pH 519 54 

acid orange 7 

 

pH, initial dye 

concentration, 

photocatalyst 

concentration, incident 

photon energy 

485 55 

reactive black 

5 

 photocatalyst 

concentration, initial dye 

concentration, pH 

597 

56 

reactive orange 

4 

 

490 

reactive 

brilliant red X-

3B (reactive 

red 2)  

photocatalyst 

concentration, initial dye 

concentration 

540 57 

remazol red 

133 
- 

initial dye concentration 

and pH 
518 59 
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acid blue (AB-

113) 

 

pH, initial dye 

concentration, 

photocatalyst 

concentration 

600 60 

acid blue 40 

 

pH, argon purging, 

initial dye concentration 
610 62 

acid red 14 

 

pH, photocatalyst 

concentration 
515 63 

C.I. direct 

80 (3BL) 
 

oxygen, temperature, 

photocatalyst 

concentration, pH, and 

inorganic ions. 

530 

64 
C.I. direct blue 

160 (RL) 

 

570 

C.I. reactive 

yellow 2 

(X6G)  

400 

reactive red 

198 

 

pH 

 

518 

65 acid black 
 

619 

acid blue 7 

 

638 

direct green 99 
 

625 

methylene blue 
 

photocatalyst 

concentration, initial dye 

concentration, pH 

664 

72 

methyl orange 
 

470 

orange II 

 

support material 484 73 
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4. Dye Decoloration Analysis for Evaluation of Photocatalytic Activity  

As already mentioned, dyes besides their role as a target pollutant (environmental hazard) 
have been used as a model compound to evaluate the photocatalytic activity of many new 
photocatalysts. Organic dyes decoloration, i.e., a decrease in dye concentration (measured as a 
decrease in photoabsorption) during photocatalytic activity test, is a well-known and commonly 
used method for evaluation of photocatalytic activity because of its simplicity and low cost [74]. 
Regardless the convenience of this method, several problems have been reported considering the 
reliability. The further details of these problems are described below. 
 

4.1 Photolysis 

Photolysis, known also as photodecomposition, photodissociation and photofragmentation, is 
a chemical reaction in which chemical compounds are broken down under irradiation, i.e., the 
interaction of one or more photons with one target molecule results in molecule decomposition 
into two parts. In the case of dyes, four types of mechanism could be considered under irradiation. 
First, as typical for all organic compounds, UV irradiation causes direct photolysis of various 
bonds, including also benzene ring cleavage, and thus decomposing dyes. Second, dye might be 
excited under vis irradiation with an electron transfer from the highest occupied molecular orbital 
(HOMO) to the lowest unoccupied molecular orbital (LUMO). Then, the excited state of dye might 
inject electron to an electron acceptor, and thus oxidation of dye starts. Third, in the case of aerobic 
conditions, molecular oxygen (O2) might work as an electron acceptor (electrons from excited state 
of dye (ii case)), and thus superoxide radical anions are formed, which further oxide dye molecules 
[75]. Fourth, the formation of other reactive oxygen species (ROS) should also be considered in 
the presence of oxygen, water and UV, and thus oxidative decomposition of dyes by ROS could 
happen. Therefore, dye degradation might also proceed in the absence of photocatalyst - not caused 
by the activity of photocatalyst. Methylene blue (MB) is a good example of dye with ability to be 
decomposed by simple vis irradiation [76]. However, there are also several dyes with high stability 
under vis irradiation and even near-UV, e.g., methyl orange (MO, from aromatic azo dyes), due to 
rapid trans-cis photoisomerization. During photoirradiation, the dye molecules are excited and 
transform from the low-energy isomer to high-energy one. However, the excited state releases the 
energy rapidly, and hence, returns to the ground state. Since the lifetime of the excited state is very 
short, the aromatic azo dyes are considered to be stable even under photoirradiation [77-80]. 

Even though dye photolysis could disturb in evaluation of photocatalytic activity of 
semiconductor photocatalysts, it has been believed that the blank test, i.e., dye decoloration 
experiment without photocatalyst, could solve this problem by subtraction of dye photolysis effect 
from photocatalytic efficiency. However, this might be incorrect considering a possible parallel 
reaction as described below. 

 

4.2 Self-Sensitized Dye Decoloration (Photosensitization) 

The mechanism of self-sensitized dye decoloration is similar to that described above for 
photolysis-based mechanism, i.e., caused by excitation of dye molecule from HOMO to LUMO 
under vis irradiation. However, in the case of self-sensitized dye decoloration, the presence of 
photocatalyst that adsorbs the dye is required. Generally, in the presence of photocatalyst, dye is 
decolorized through photocatalytic mechanism. The photocatalytic dye decoloration may occur 
through either direct redox reaction of dye with the photogenerated electrons and/or positive holes, 
or via indirect reaction of dye with ROS (formed due to the reaction of adsorbed O2 with the 
photogenerated electrons from the CBB of photocatalyst).  However, under vis irradiation, the 
adsorbed dye on the photocatalyst could be excited from HOMO to the LUMO, followed by the 
transfer of the excited electrons from LUMO of dyes to CBB of photocatalyst which further could 
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reduce the adsorbed O2 to form ROS. Then, ROS are also playing a role in dye decoloration (see 
Figure 1) [81]. Thereby, dye decomposition in this process is also caused by photogenerated 
electrons from dye itself, i.e., not actual photocatalytic action of photocatalyst. Additionally, since 
the presence of photocatalyst is a prerequisite in self-sensitized dye decoloration, the photocatalyst 
sensitization by dye could not be excluded from photocatalyst-performance evaluation even by 
performing a blank test [47]. Unlike photolysis that occurs on dye molecules in solution, the 
adsorbed dye molecules on the photocatalyst surface are mainly responsible for this self-sensitized 
dye decoloration [82]. During UV irradiation, this self-sensitized dye decoloration might not occur. 
However, under vis irradiation, where titania and other wide band-gap photocatalysts are inactive 
(hence vis-absorbing photocatalysts are prepared), the utilization of dye as a substrate for 
photocatalysis could cause unreliability. Even though photocatalyst sensitization by dye is not 
recommended for photocatalytic activity testing, dyes are often used in other photocatalytic 
applications, e.g., in dye-sensitized solar cells (DSSCs) to enhance the light harvesting ability, as 
introduced by Oregan and Gratzel [16,31]. 

 

Figure 1. The possible mechanism of photocatalyst sensitization by dye as reported by Ohtani, B., 
with (a) photoirradiated light, (b) lowest unoccupied molecular orbital (LUMO) of dye, (c) 
semiconductor and (d) adsorbed molecular oxygen (O2) on semiconductor [83]. Reprinted with 
permission of Royal Society of Chemistry through CCC, Inc. Copyright 2014 Royal Society of 
Chemistry. 

To avoid photocatalyst sensitization by dye, the proper selection of photocatalyst and dye 
is one of possible solutions, i.e., the CBB of photocatalyst should be more negative than LUMO 
of dye. However, it is hardly possible to find such materials, as shown in Figure 2 (though such 
band positions seem not to be fixed) [84], i.e., even if photocatalyst is resistant to dye sensitization, 
e.g., zinc sulfide (ZnS), its oxidation ability is very low (VBT level).  
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Figure 2. Energy band structure of photocatalysts, potential reduction of several reaction, and 
energy structure of several dyes (RhB – Rhodamine B, CV – crystal violet or gentian violet, MB 
– methylene blue, MO – methyl orange, EY – eosin Y). Reproduced from Chiu, Y., et al. [85]. 
Copyright under the terms of the Creative Commons Attribution License. 

 
Of course, it must be pointed out that in the case of UV/vis-activity testing for wide-

bandgap semiconductors, the activity under UV (the classical photocatalysis mechanism) is much 
higher than that under vis (due to sensitization), and thus participation of sensitization in the overall 
activity (UV/vis) in many cases could be neglected. However, for novel materials with claimed vis 
response (e.g., modified/doped titania or complete new materials), the sensitization could be a 
large part (even the main) of the overall vis response, and thus in such cases, dyes could not be 
used for activity testing, as discussed below. 

The first study to prove the dye decoloration by sensitization was shown by Yan et al. in 2006 
with the use of action-spectrum analysis (see Figure 3) [86]. Two kinds of photocatalysts were 
used, i.e., UV-active photocatalyst (P25) and vis-active one (S-TiO2), and MB dye for 
photocatalytic-activity testing. The action spectra of MB decomposition under aerobic condition 
were compared with the photoabsorption properties (diffuse reflectance (DR) spectra) of the 
respective photocatalysts. Region I, region II and region III, shown in Figure 3, correspond to UV 
region (290- 400 nm), vis region of 400-540 nm (strong photoabsorption by S-TiO2), and vis of 
540-700 nm (the peak of dye photoabsorption at vis).  

Obviously, in region I, the action spectra resemble the respective DR spectra, confirming that 
observed effect in UV region is caused by semiconductor photoactivity. The most interesting data 
are observed in the region III, in which vis activities are observed for both photocatalysts, even for 
non-vis-absorbing P25. Moreover, the action spectra resemble dye spectrum instead of DR spectra 
of photocatalysts. Accordingly, it has been confirmed that dye sensitization is responsible for MB 
degradation under vis irradiation, Hence, in the region III, the utilization of MB could cause 
unreliability in the photocatalytic activity evaluation.  
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Figure 3. Action spectra of methylene blue (MB) decoloration on (A) S–TiO2 and (A') P25 in (a) 
UV-vis region and (b) vis region, diffuse reflectance (DR) spectra of (B) S–TiO2 and (B') P25; (C) 
DR spectrum of adsorbed MB. Reproduced with modification and permission from Yan, X., et al. 

[86]. Copyright 2006 Elsevier. 

4.3 Apparent-Quantum-Efficiency Estimation 

For evaluation of photocatalytic activity, AQE is often used, as already mentioned (see eq. 1 
for calculation). Even though only the action of photogenerated charge carriers (e− or h+) in 
photocatalytic reaction is considered (since the effect of radical reaction(s) is omitted), the correct 
estimation of AQE in dye-decoloration analysis still faces some adversities. First, stoichiometry 
of photocatalytic reaction is required to estimate the overall reaction rate through the rate of 
product evolution or substrate consumption, but dye decoloration does not proceed according to a 
clear stoichiometry due to the complex radical chain reactions [87]. More importantly, dye 
decoloration is often caused by the transformation of dyes, e.g., blue-colored MB into colorless 
leuco form of MB, instead of complete mineralization of dye. Accordingly, this leads to some 
inaccuracy of photocatalytic-activity analysis [88]. 
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4.4 Shifting of Wavelength at Absorption Maximum 

It is important to mention that in the case of dyes, a hypsochromic shift of the main 

absorption peak at vis range has been observed for several dyes, e.g., MB [89], RhB [90], 

sulforhodamine B (SRB) [91,92], malachite green (MG) [93], and toluidine blue O [94], due to N-

dealkylation [95-98]. In the case of RhB (N,N,N',N'-tetraethylrhodamine) degradation, the 

hypsochromic shift is caused by stepwise N-deethylation of RhB molecule to form N,N,N'-

triethylrhodamine, N,N'-diethylrhodamine, N-ethylrhodamine and rhodamine (Rh-110) with 

different values of molar absorptivity (ε) and wavelengths at absorbance maximum (λmax) [82,99]. 

Interestingly, different course of reaction has been observed during RhB degradation, 

depending on the irradiation wavelengths, i.e., UV or vis ranges [100]. In the case of vis irradiation, 

a hypsochromic shift (from 558 to 498 nm) indicates N-deethylation of RhB (Figure 4 (left)). In 

contrast, under UV irradiation, N-deethylation does not happen, while degradation proceeds much 

faster (efficient formation of ROS on UV-active photocatalyst) with additional decomposition of 

the aromatic ring (disappearance of peak at ca. 260 nm), as shown in Figure 4 (right). In the case 

of methylene blue, similar observation has also been noticed, i.e., a hypsochromic shift (from 664 

to 610 nm) [101]. 

Therefore, it is proposed that such N-dealkylation under vis irradiation suggests that dye 

decomposes by its self-sensitization. Accordingly, when new photocatalysts are tested for vis 

response with dyes, and such hypsochromic shift is observed, it might be expected that the vis 

activity is not caused by the properties of new photocatalysts, but rather because of its sensitization 

by dyes. 

 

 

Figure 4. Exemplary data of RhB degradation under vis (left) and UV (right) irradiation on titania 
modified with Pt clusters (drawn based on data presented in ref [100]). 

Very interesting and detailed study on photocatalytic degradation of RhB was performed 

by Jakiminska et al. [102], who confirmed that N-deethylation was initiated by an electron transfer 

from dye to photocatalyst (Figure 5) under vis irradiation. Aside of the hypsochromic shift, it is 

worth mentioning that RhB and its N-deethylation products (see structures of 2(-Et), 2(-2Et), and 

the products after 3rd and 4th cycles in Figure 5) exist in the same solution after photoirradiation 

and the absorption of N-deethylation products might interfere with the absorption of RhB. 

Consequently, it is difficult to determine the concentration of RhB in solution correctly. 
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Figure 5. Mechanism of stepwise N-deethylation of RhB. Reprinted from Jakiminska et al. [102]. 
Copyright under the terms of the Creative Commons Attribution License. 

4.5 Colour recovery 

Although, usually dye degradation is performed in the presence of air/oxygen, dyes could also 
decompose via reductive pathway, i.e., by photogenerated electrons, especially under anaerobic 
condition. Under UV irradiation, both electrons and holes are simultaneously formed. In most 
cases, dye decoloration via oxidation pathway is reported. It is understandable as oxidation of dyes 
could happen not only via reaction of dyes with h+, but also by ROS. In the absence of air, ROS 
formation is significantly suppressed. For example, Yogi et al. have reported the photocatalytic 
decoloration of MB under UV irradiation under anaerobic condition [103]. After photoirradiation, 
a new peak was observed at 256 nm in the photoabsorption spectra of MB solution. This new peak 
was considered as a sign of leuco-methylene blue (LMB; the doubly reduced form of MB) 
presence. On the other hand, in the presence of water, photogenerated positive holes also played a 
role in the formation of LMB via formation H+ (see eqs. 5 and 6). 

 
MB + e− → MB•−         eq. 3 
2MB•− → MB + LMB        eq. 4 

H2O + h+ → OH• + H+        eq. 5 
MB•− + 2e− + H+ → LMB       eq. 6 
 
However, an ambient environment during the measurement of absorbance might also cause 

the color recovery of decolorized dye. In the case of MB, it has been found that LMB (colorless), 
formed during MB photoreduction, could recover the original blue color after a contact with 
oxygen (in air) during colorimetric analysis, and this could be accelerated by vis irradiation [104]. 

Jo
ur

na
l P

re
-p

ro
of



13 
 

However, re-oxidation of LMB, which is probably the main reasons for the color recovery, might 
take few hours [89,105,106]. 

5. The Use of Colorless Substrate – the comparison with dye decoloration analysis 

Due to unreliability of photocatalytic activity testing by dye bleaching, especially under vis 
irradiation, the photocatalytic activity should be tested for degradations of colorless compounds. 
Indeed, the utilization of colorless compounds for a reliable evaluation is more and more popular 
in the field of photocatalysis. There are several reports showing the evaluation of photocatalytic 
activity with the use of both dye and non-dye substrates, as shown in Table 2. It is not easy to 
compare the photocatalytic degradation of dye with photocatalytic activity tested for colorless 
compounds since the evaluation method to calculate the photocatalytic effect are usually different. 
However, generally, the photocatalytic activity is much higher in the case of degradation of dyes 
than other compounds (as presented in 3rd and 4th column), confirming that photocatalyst 
sensitization by dye happens, and do participate in the overall effect. Interestingly, in the case of 
vis irradiation, photocatalysis with colorless compound are hardly proceeded, and thus it might be 
concluded that some photocatalysts are practically inactive in these conditions (as sole dye 
decolorization could not be used for activity confirmation).  

Table 2. The comparison of photocatalytic effect investigated under vis irradiation for dyes (D) 
and non-dye (ND) compounds  

Photocatalyst 
Testing 

conditions 

Photocatalytic activity 
Ref. 

D ND  

BiOIO3 

Ci:  

2×10−2 mM (D) 
10 ppm (ND) 

 
500-W XeL,  

c-oF  

(> 420 nm) 

 

5-h irr. 

MO: 

0.015 h−1 

 

107 

20%Ag/AgBr/BiOIO3 0.903 h−1 

40%Ag/AgBr/BiOIO3 0.554 h−1 

80%Ag/AgBr/BiOIO3 1.856 h−1 

150%Ag/AgBr/BiOIO3 2.736 h−1 

 2,4-DCP = 31.4%, 

phenol = 34.2%, 

Cl_tetracyc. = 47.8%, 

tetracyc. =  40.0%, 

bisphenol A = 20.0% 

300%Ag/AgBr/BiOIO3 2.604 h−1  

Ag/AgBr 0.361 h−1 

bulk g-C3N4 
Ci(MB):  

0.02  mM 
vis: 300-W 

XeL, c-oF 
(> 400 nm) 

MB: 

0.34 × 10−3 min−1 

H2 evolution (& in-

situ Pt deposition) 

11.1 µmol (5 h irr.) 
108 

 

 HGCNF/SNG/MoS2 

 & bulk g-C3N4 
1.24 × 10−3 min−1 44.9 µmol (5 h irr.) 

CdS-SnS (Sn/Cd = 0) 
Ci: 5 ppm 

150W, c-oF  
(>420 nm) 

MB:80%; RhB:67% phenol: 61% 

109 CdS-SnS (Sn/Cd = 1/3) MB:92%;RhB:95% phenol: 74% 

CdS-SnS (Sn/Cd = 1) MB:99%; RhB:99% phenol: 84% 
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Ag2ZnGeO4 
Ci(D): 12 ppm 
300-W XeL, 

c-oF  

(λ > 420 nm) 

RhB: 100%  

(6h irr.) 

O2 evolution: 

8.5 µmol (14 h irr.) 
110 

Ag2ZnGeO4 
Orange II: 68%  

(6 h irr.) 
 

CdS 
Ci: 5 ppm 

t = 3 h  

150-W L.,  

c-oF  

(>420 nm) 

MB: 80%,  

RhB: 67%  
phenol: 61% 

111 

CdS-Ag2S 
MB: 98% 

RhB: 90% 
phenol: 81% 

Ag/AgCl/SrTiO3 

(21.6%) 

Ci: 10 ppm 

t= 0.5(D)/4h(ND)  
vis: 300-W 

XeL, c-oF  
(λ > 420 nm) 

RhB: 97% 

MO: 93% 

MB: 97% 

phenol: 70% 

bisphenol A: 83% 
112 

Ag2CaV4O12 

Ci: 10(D)/ 

20(ND) ppm 

t= 5(D)/4h(ND) 
vis: 300-W 

WhL, c-oF  
(λ > 400 nm) 

RhB: 78% 

MB: 93% 
phenol: 21% 113 

TiO2/Pt(II) Ci: 10−4 M(D)/ 

2 x 10−4 M(ND)/   
t= 2(D)/3h(ND) 
vis: 300-W 

XeL, c-oF  
(λ > 450 nm) 

RhB: 90% phenol: 25% 

100 TiO2/Pt(IV) RhB: 40% phenol: 10% 

TiO2/Pt(0) RhB: 80% phenol: 17% 

Ci – initial concentration, Cl_tetracyc.- chlortetracycline hydrochloride, c-oF – cut-off filter, D – dye, HGCNF – 
hollow g-C3N4 nanofiber, irr. – irradiation, L – lamp, ND – non-dye compound, SNG – sulfur/nitrogen co-doped 
graphene, tetracyc. - tetracycline hydrochloride, WhL – tungsten halogen lamp, XeL – xenon lamp 

 

6. Spectrophotometric Analysis for Photocatalytic-Activity Test without Dye and Its 
Challenge 

Based on the above-mentioned drawbacks of using dyes, it might be concluded that most 
problems are caused by interaction of dyes with light. As a result, it is not easy to evaluate 
photocatalyst performance reliably under vis irradiation. Therefore, the use of substrate with less 
or no absorption (the best) of vis is necessary for reliable photocatalytic-activity evaluation under 
vis. However, colorimetric analysis of colorless compounds is not as common as that of dyes. The 
possible reason is probably there are some criteria that should be fulfilled in the selection of 
colorimetric analysis method, i.e., simplicity, selectivity, precision, sensitivity and agreement with 
Lambert-Beer's law [114]. However, there is another important aspect that should be considered 
related to the selection of non-dye compound for photocatalytic activity testing, i.e., reliability of 
the method for photocatalytic activity test under vis irradiation, which will be discussed in this 
section.  

Colorless organic compounds are often considered as ‘ideal’ substrates for photocatalytic 
activity evaluation, especially under vis irradiation. There are three main reasons for this statement, 
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as follows: (i) photocatalytic reactions used for activity testing have a clear stoichiometry (hence 
it is easy to estimate AQE), (ii) there is no sensitization under vis irradiation, and (iii) they produce 
less intermediates than that of dyes [86]. However, there are also some problems, which must be 
considered, especially during the selection of suitable colorless organic compound for 
photocatalytic activity tests, as discussed further.  

Molecule-to-band charge transfer (MBCT) is a phenomenon where the colorless organic 
compound might induce vis absorption. Although both UV-active photocatalyst and colorless 
organic compound do not absorb vis, the surface complexation of colorless organic compound and 
semiconductor might result in absorption of visible light. Unlike dye sensitization, in MBCT, 
electron is photoexcited from the HOMO of the adsorbed organic compounds (surface adsorbates) 
directly to the CB of the photocatalyst, i.e., without involving the LUMO [115]. Since CB of 
photocatalyst has mainly metal orbital character, this charge transfer is also named as ligand-to-
metal charge transfer (LMCT) or charge-transfer complex (CTC) [116,117]. Commonly, adsorbed 
organic compounds with hydroxyl or carboxyl functional group might form MBCT complex on 
the surface of photocatalyst. To allow LMCT/MBCT, the level of the HOMO should be lower 
(more positive in energy) than that of CB of photocatalyst. Additionally, the energy gap between 
HOMO and CB should be narrow enough to enable the charge transfer under vis irradiation [118]. 
The illustration of MBCT is shown in Figure 6.  

 

 
Figure 6. Illustration of MBCT mechanism from the HOMO of adsorbed organic compound 
to the CB of photocatalyst. Reproduced from Park, H., et al. [116]. Copyright under the terms 
of the Creative Commons Attribution License. 
 
The proof of MBCT for the interaction of UV-active photocatalyst and colorless compound is 

shown in Figure 7. First, photoabsorption properties (the DR spectra) of titania photocatalyst 
before and after adsorbing organic compounds are shown in Figure 7 (a). It has been found that 
adsorption of aromatic compounds on the surface of titania, i.e., 4-chlorophenol (4-CP), 2,4-
dichlorophenoxyacetate sodium salt (2,4-D),  phenol (PhOH), and 2,4-dichlorophenol (2,4-DCP), 
results in an appearance of photoabsorption in vis region. However, adsorption of dichloroacetate 
(DCA) hardly changes photoabsorption property of titania. Therefore, it has been proposed that 
phenolate linkage (see eq. 07), formed on the photocatalyst surface between aromatic compound 
and titania, causes an enhanced photoabsorption at vis range, induced by MBCT [119]. 

 
≡Ti−OH + HO−Ph → ≡Ti−O−Ph + H2O       eq. 7 
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It has been suggested that hydroxyl groups on photocatalyst surface play an important role in 

the complexation with the hydroxyl groups of aromatic compounds. This is supported by the fact 
that fluorine-modified titania with lower content of hydroxyl groups has similar photoabsorption 
spectrum as pristine titania (see Figure 7 (b)), i.e., without obvious MBCT-induced vis 
photoabsorption.  

 

 
 
Figure 7. Diffuse reflectance spectra of UV-titania (ST-01, Ishihara) and substrate/ UV-titania 
with (a) different substrates (b) surface fluorination. (c) Action spectra of photoinduced 
current 4-CP degradation on titania. Reprinted with permission from Kim, S. and Choi, W. 
[119]. Copyright 2005 American Chemical Society.  
 
Of course, MBCT-based mechanism could not be confirmed only by investigation of 

absorption spectra, and thus, respective action spectra have also been studied. Indeed, action 
spectrum of photocatalytic degradation of 4-CP correlates well with photoabsorption spectrum of  
TiO2/4-CP (see Figure 7 (c)) rather than with that of pristine titania, suggesting that adsorbed 4-
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CP on the titania surface initiates photocatalytic activity under vis, confirming the MBCT-induced 
vis activity of titania.   

Interestingly, it should be noted that not only colorless organic compounds can cause MBCT, 
but also inorganic ones. For example, Kuncewicz et al. have found MBCT between chromate and 
titania [120], as presented in Figure 8.  EPR spectrum of P25 with adsorbed CrVI in DMSO under 
vis irradiation indicates the presence of •OH. However, there is no proof for •O2

− formation. 
Therefore, it has been proposed that during excitation of chromate (VI), positive holes are injected 
to the VB of titania followed by formation of •OH. The absence •O2

− is probably because an 
electron transfer from excited chromate (VI) to the CB of titania is not possible (due to the lower 
reduction potential of chromate (VI) than that of CB), as well as a direct reduction of oxygen by 
Cr (V). After positive holes transfer, it is probable that the reduced chromate (VI), i.e., chromate 
(V), reduced the organic compound produced from photolyzed suspension and Cr(VI) was 
regenerated. Another possibility is that regeneration of Cr(VI) occurs through disproportionation 
of Cr(V) to form Cr(VI) and Cr(III) [120]. 

 

 
Figure 8. Positive holes transfer mechanism between chromate and titania. Reprinted with 
permission from Kuncewicz, et al. [120]. Copyright 2012 American Chemical Society. 
 
Many studies have been performed on examination of MBCT with titania, as summarized in 

Table 3. As presented in Figure 7, efficient light harvesting is observed due to additional 
photoabsorption caused by MBCT. There are several factors that might affect the intensity of 
MBCT. Agrios et al. have found that the higher-chlorinated phenol and mixture of polymorphic 
phases (anatase and rutile) of titania result in higher intensity of MBCT photoabsorption than that 
of less-chlorinated phenol and pure anatase, respectively [117]. In the case of titania P25 (mixture 
of anatase and rutile) and pure anatase, 2,4,5-trichlorophenol (2,4,5-TCP) has shown the highest 
MBCT absorbance, followed by 2,4,6-trichlorophenol (2,4,6-TCP), 2,4-dichlorophenol (2,4-
DCP), 4-chlorophenol (4-CP) and finally for phenol. Furthermore, evaluation of wavelength-
dependence degradation of chlorophenols on P25 has also been performed. It has been found that 
under dark conditions, the higher the number of chlorines in chlorophenols is, the higher is 
adsorption on titania surface. More importantly, it has been found that degradation of 
chlorophenols is much more efficient under irradiation (430 nm) than that under dark conditions, 
confirming the MBCT activities. On the other hand, another study reveals that specific surface 
area (SSA) of photocatalyst is more important in MBCT effect than crystalline-phase composition 
since pure anatase (ST-01) but with very high SSA (340 m2 g−1) exhibits higher photoinduced 
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activity of 4-CP degradation than mixed phase titania (P25) with smaller SSA (50 m2 g−1) [119]. 
Hence, MBCT activity is difficult to estimate considering only one property of photocatalyst 
(which is typical also for all other photocatalytic activity tests) [43]. Additionally, the conditions 
during photocatalytic reaction, e.g., pH value, could also affect the formation of MBCT between 
titania and colorless substrate [121]. 

 
Table 3. Examples of MBCT between UV-active titania and chemical compounds 

 
 
 

Summarizing, it might be concluded that the main difference between photosensitization and 
MBCT is based on the wavelength region of enhanced photocatalytic activity. In the case of 
photosensitization, “apparent” vis activity occurs usually at wavelength of maximum absorption 
by a sensitizer (dye), whereas for MBCT, the enhanced activity usually occurs in red edge of 
photocatalyst photoabsorption. Moreover, a sensitizer must absorb light at longer wavelengths than 
semiconductor (i.e., usually vis), whereas in the case of MBCT, photoabsorption properties of both 
components could be similar (both could exhibit only UV response) and the difference is based 
only on redox properties (oxidation and reduction levels). Additionally, MBCT tends to occur for 
photocatalysts with high content of hydroxyl groups on its surface. 

7. Prospective Colorimetric Method for Reliable Photocatalytic Activity Evaluation 

As presented above, many colorless compounds could cause “apparent” vis activity due to 
MBCT effect. Therefore, their use as testing molecules is not reliable for some photocatalysts, 
especially those enriched with hydroxyl groups (i.e., the majority of titania samples). However, it 
should be pointed out that the study on MBCT is still very rare (examples shown in Table 3), 
mostly limited to organic compounds containing phenolic groups. Therefore, in this section, 

No. titania type substrate Ref. 

1 ST-01 (anatase) 4-CP 119 
  2,4-DCP  
  2,4-dichlorophenoxyacetate sodium salt 

(2,4-D) 
 

  phenol  
2 P25 hydrogen peroxide (H2O2) 122 
3 P25 and anatase titania 2,4,5-TCP 117,123 
  2,4,6-TCP  
  2,4-DCP  
  4-CP  
  phenol  

4 P25  Brij 124 
5 synthesized titania benzyl alcohol 125 

6 synthesized titania terephthalate acid 126 
7 P25 arsenic (III) solution 121 
8 P25 humic acid 127 
  pyrocatechol  
9 P25 glucose 128 
10 titania tetracycline 129 

11 P25 and tytanhydrat-0 chromate(VI) ion 120 
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several colorimetric analyses are presented, which could be used for proper evaluation of 
photocatalytic activity, especially under vis irradiation. However, of course, further examination 
for their reliability is necessary to exclude any possibility of MBCT effect. 

Photocatalytic activity methods based on spectroscopic analysis could be devided into two 
main groups, as follows: (i) direct, and (ii) indirect analyses. The direct analysis means the 
measurement of absorption of reaction product, i.e., formed by reaction of photogenerated 
electrons or holes with substrate molecules. In the case of indirect analysis, an introduction of 
another compound, which could react either with reactants or products (forming spectroscopically-
active compounds), to the reaction system is necessary.  

 

7.1 Direct analysis 

7.1.1 Iodide 

During photocatalytic oxidation of iodide (I−) to iodine (I2; eq. 8), the formation of I2 can be 
analyzed by colorimetric analysis of triiodide (I3

−), formed in the presence of excess of iodide (eq. 
9). Even though this reaction is often conducted under aerobic conditions, no formation of iodate, 
i.e., IO− or IO3

−, is observed [130]. Triiodide can be detected at wavelength of 352 nm (ε = 2.64 × 
104 mol-1 L cm-1) or 288 nm (ε = 4 × 104 mol-1 L cm-1) [131-134]. 

The use of iodide as a photocatalytic substrate has been reported for photocatalytic-activity 
evaluation under vis irradiation [92]. However, it has been found that negligible I3

− generation was 
observed even on non-vis-absorbing P25 titania under vis irradiation (λ > 420 nm) [135]. Therefore, 
it could be expected that this “apparent” activity might be caused by titania modification with 
iodine during activity testing. Unfortunately, there are no reports about MBCT or sensitization-
type effects for this kind of activity testing.  

2I− + 2h+ → I2         eq. 8 
I− + I2  → I3

−         eq. 9 

7.1.2 Methyl viologen 

Methyl viologen (MV2+, E0MV2+| MV+• = −0.44 eV, pH independent) has been proposed as 
another colorless compound for activity testing. Reduction of methyl viologen (paraquat) results 
in formation of blue-colored methyl viologen radical (MV+•) [136,137]. A sacrificial electron 
donor, e.g., ethanol, is utilized to scavenge photogenerated holes, and experiments are performed 
under anaerobic conditions to avoid reoxidation of MV+• (forming MV2+) [138]. The 
spectrophotometric analysis of MV+• is conducted by measuring absorption at 395 nm (ε = 4.2 × 
104 L-1 mol cm-1) [139]. However, it should be pointed that experiments are carried out in absence 
of oxygen, and thus mostly reductive properties of photocatalysts could be estimated. Accordingly, 
for novel photocatalysts with vis response, and thus less negative CBB (in many cases due to 
bandgap narrowing), the estimated activity could be very low.  

Although, as a colorless compound, methyl viologen could be considered as 
photosensitization-free under vis irradiation, the further examination of MBCT possibilities should 
be studied. Additionally, though, paraquat is commonly used for some photocatalytic tests (e.g., 
estimation of quasi-Fermi level by a Roy method), its broad application for activity testing is rather 
not expected due to its high toxicity. 

 

7.2 Indirect Analysis 

7.2.1 Formaldehyde 
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Formaldehyde (HCHO) has been utilized as a model compound for photocatalytic activity 
evaluation, i.e., its oxidative decomposition. A common evaluation method is usually performed 
by analyzing the mineralization product, i.e., carbon dioxide (CO2) by a gas chromatograph (GC). 
However, the analysis of HCHO consumption has also often been performed, either in gas or 
aqueous phases [140,141].  

To determine HCHO concentration in an aqueous phase by colorimetric analysis, Hantzsch 
reaction has been proposed, in which a colorless HCHO solution is derived into a yellow one, 
because of 3,4-diacetyl-1,4-dihydrolutidine (DDL) formation (ε = 8 × 103 mol-1 L cm-1 at 412 nm) 
in the presence of acetylacetone as a source of β-diketone [142]. The derivatization of HCHO into 
pyridine compound is characterized by a relatively high stability of color and a low interference 
by reagents. The use of other β-diketone sources has also been reported, such as acetoacetanilide, 
benzoylacetone, benzoyltrifluoroacetone and 2-thenoyltrifluoroacetone [143]. A short summary of 
colorimetric analysis of HCHO during photocatalytic activity estimation is presented in Table 4. 
There are several photocatalytic systems, which might utilize this colorimetric analysis, because 
HCHO might be used either as a substrate or a product of different photocatalytic reactions. 

 
 

Table 4. Photocatalytic systems with formaldehyde as a key compound for colorimetric analysis 
via dipyridine formation 

 

No. 
photocatalytic 

system 

β-

diketone 

source 

λmax substrate light source 

1 
methanol 

oxidation 

acetyl-

acetone 

412 nm 

in 

water 

methanol 

UV/vis (HgL) 

[144,145]; 

UV/vis (450-W XeL):  

λ > 320 nm [146];  

UV (365 nm, 6W) [147] 

2 
methanol 

oxidation 

acetyla-

cetone 

412 nm 

in 

water 

methanol 

UV/vis (HgL) [145]; 

solar simulator  

(AM 1.5 filter) [148] 

3 

carbon dioxide 

(or related 

compounds) 

reduction 

acetyla-

cetone 

412 nm 

in 

water 

CO2 [149], 

Na2CO3 & 

K2CO3 [150-

152] 

UV/vis  

(500-W WL) [149-152] 

4 Tris 

decomposition 

acetoace

-tanilide 

368 nm Tris UV  

(20-W BLBL) [153,154] 

5 

aH2 evolution 
bHCHO 

decomposition 

acetyl-

acetone 
 

amethanol 
bformaldehyde 

UV & vis 

(LED & HgL) [155] 

BLBL - black light blue lamp, HgL – mercury lamp, XeL – xenon lamp, WL – tungsten lamp 

A detailed study on colorimetric analysis of HCHO under both UV and vis irradiation, for 
two photocatalytic systems, i.e., methanol dehydrogenation and HCHO oxidative decomposition, 
has been investigated to confirm the lack of photosensitization effect [155]. The reliability of 
colorimetric analysis has been studied by a comparison of GC analysis (evolution of H2

 and CO2 
in the case of methanol dehydrogenation and oxidative decomposition of HCHO, respectively) 
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with colorimetric analysis (HCHO). Successfully, it has been confirmed that colorimetric analysis 
shows similar trends with GC analysis, confirming its reliability under both UV (UV LED) and 
vis (green LED) irradiation for both photocatalytic systems (Figure 9). Additionally, in contrast 
to RhB-decoloration analysis, no photoinduced reaction proceeded under vis on UV-absorbing 
titania (ST-G1), suggesting that photosensitization and MBCT do not occur with HCHO.  

 

 

Figure 9. Summary of photocatalytic activity tests for three photocatalytic systems (RhB 
decoloration – first row, methanol dehydrogenation – second and third rows, and oxidative 
decomposition of HCHO – fourth and fifth rows) under UV or vis (green LED) irradiation on UV-
absorbing titania (ST-G1) and vis-absorbing titania (Sample A and Sample B); “-RhB” – decrease 
in concentration of RhB (spectroscopic analysis (SA)), “H2” and “CO2”– H2 and CO2 evolution, 
respectively (GS analysis), “HCHO” and “-HCHO” – change in concentration of HCHO (SA). 
Reproduced from Amalia, F. R., et al. [155]. Copyright under the terms of the Creative Commons 
Attribution License.  

 

7.2.2  Methanol 

The utilization of methanol (or other aliphatic alcohols) as a sacrificial electron donor (a 
hole scavenger) is common during photocatalytic dehydrogenation of water [156]. Even though, 
adsorption of methanol (or other aliphatic alcohols) on  the titania surface has been reported, to 
the best of the authors’ knowledge, there are no reports about MBCT-induced vis activity yet [157]. 
In the utilization of methanol as a photocatalytic substrate (methanol dehydrogenation or even 
methanol photooxidation), the photocatalytic activity could be evaluated by colorimetric analysis 
of HCHO, i.e., analysis of oxidation product, instead of hydrogen (H2) evolution by GC (see 
section 7.2.1) [155]. It should be pointed out that this photocatalytic reaction is usually performed 
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in the presence of co-catalysts (e.g., photodeposited platinum or other noble metals) to enhance 
the photocatalytic activity, but such surface modification of titania could inhibit the MBCT 
[45,87,158,159]. Accordingly, though methanol dehydrogenation system could be also one of 
possible systems for reliable evaluation of photocatalytic activity, the confirmation of MBCT-free 
is still necessary. Fortunately, photosensitization has not been reported in the case of alcohol use 
[155]. The colorimetric analysis of HCHO could be conducted by utilizing Hantzsch reaction as 
described in the section 7.2.1 [160]. 

8. Summary and Future Prospect 

Colorimetric analysis is a well-known method due to its simplicity and affordability. 
However, to utilize the method for photocatalytic-activity-evaluation, the selection of a substrate 
for photocatalytic reaction should be considered carefully to obtain reliable data. Under vis 
irradiation, though the use of organic dyes has often  been reported, it is improper due to 
photosensitization, photolysis, and difficulties to assume the stoichiometry, etc. On the other hand, 
the use of colorless organic compounds seems more superior since there is no photosensitization. 
However, it should be pointed out that unreliability of the use of colorless compound under vis 
irradiation might occur due to MBCT on the surface of photocatalyst. Hence, the selection of 
chemical compounds should be carefully considered, for example by avoiding aromatic 
compounds with hydroxyl groups that may interact with the photocatalyst surface. Furthermore, it 
is worth noting that even though colorless compounds might cause MBCT effect, their utilization 
is still a better option than that of organic dyes, especially due to defined stoichiometry, which 
allows a correct estimation of AQE of photocatalytic reaction. It is proposed that colorimetric 
method with HCHO as a reactant (via Hantzsch reaction) is one of the best-known methods to be 
applied under broad irradiation ranges (UV- and vis-activity testing) for both oxidative- and 
reductive-based reactions. Further study on efficient utilization of other colorless compounds, e.g., 
their kinds, further characteristics of properties in correlation with feature of photocatalysts 
(considering MBCT phenomenon), for reliable colorimetric analysis is highly needed.  
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Highlights 
1) Spectroscopic analysis as reliable method for photocatalytic activity testing 

2) Dye sensitization and charge transfer as key-factors limiting molecules’ use 

3) Careful use of dyes and other organic compounds in heterogeneous photocatalysis 
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