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The bigger picture: 

Photocatalysis has been studied and considered as a green and effective approach in 

addressing environmental pollution. However, factors that affect photocatalytic 

performance have not been systematically studied. In this work, we have presented a 

comprehensive roadmap for characterizing, interpreting, and reporting semiconductors' 

electrical and optical properties through routinely used techniques (XPS, DRS, PL) in the 

context of photocatalysis. Having deeply and precisely studied the band structure of three 

representative photocatalysts, we have presented and highlighted essential information and 

details, which are critical and beneficial for studies of (1) band alignments, (2) redox 

potentials, and (3) defects. Further works with a comprehensive understanding of band 

structure are desirable and hold great promise. 

 

Summary 

Semiconductor photocatalysts are being extensively studied for energy and environmental 

settings because of their high efficiency and sustainability. Despite their great progress, 

most current photocatalysts are inherently shortcoming to become the cornerstone and 

convincingly lead the field forward. Previous studies focus on the efficiency of 

photocatalysts solely that fails to consider the key properties that greatly influence the 

reported photocatalytic performance. Such properties concern the structure and 
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arrangement of photocatalysts bandgap, which establishes the redox ability, the lifespan of 

the free radicals, activation energy, and the applications. This work highlights key 

techniques intensively used in studying the band structure, the results processing methods, 

and the mistakes involved. Overall, this perspective proposes a critical discussion that will 

be helpful for scientists working on photocatalysts and informative for others.  

Keywords: Band structure; Optical property; Electrical property; DRS; Mott-Schottky; 

Photoluminescence; UPS; XPS. 

 

Introduction 

Global warming has been becoming increasingly serious that triggers extreme 

concerns across the globe. It comes from environmental pollution, including air, soil, and 

water pollution1. In the scientific domains, environmental pollution alters the environment's 

chemical, physical and biological nature; it is the reason for an estimated 12.6 million 

deaths each year 2. Thus, finding new technologies and methods to address environmental 

pollution is critical. Various methods are performed to address pollutants, including ion 

exchange, flotation, media filtration, centrifugation, and adsorption approaches. However, 

there are limitations due to high operating costs, low efficiency, poor recyclability, and 

toxic by-products 3,4. 

Photocatalysis has been studied and considered a green and effective approach in 

addressing environmental pollution 4. Photocatalysis has attracted for its versatility in the 

environment and energy sector. In the environmental field, photocatalysts can be used to 

remove pollutants in the air and water. The photocatalytic process can eliminate the total 

toxicity with products of CO2, water, and other fewer substances 5. In the energy field, 

photocatalysts can generate alternative fuels such as H2, O2, and bioethanol via splitting 

H2O or reducing CO2 6. In the photocatalytic process, photocatalysts are activated by a 

suitable light source to induce photocatalytic reactions. The use of light gives photocatalytic 

technology a great advantage compared to other waste treatment methods such as 

adsorption or filtration. However, the catalysts' optical and electrical properties and 

photocatalytic mechanisms are not paid needed attention to compared to the sole 
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efficiency.7 This causes difficulties to understand the mechanism of decomposition of 

pollutants and future photocatalytic application. 

This work highlights key techniques to study optical and electrical properties in 

reporting photocatalysis. In addition, the current mistakes and inconsistencies in 

interpreting these properties are presented and revised. Here, TiO2, g-C3N4, and SnO2 are 

used as representatives because TiO2 is the most studied photocatalyst (accounting for 

52.5% of studies in this field, Web of Science, March 2021), g-C3N4 is an emerging non-

metallic photocatalyst (7.8%), and SnO2 is an emerging photocatalyst (1.6%). The bandgap 

of TiO2, SnO2, g-C3N4 is determined by diffuse reflectance spectroscopy (DRS), choosing 

the compatible light source becomes more straightforward. The conduction band (CB) 

positions and the valence band (VB), which determine the redox abilities, are obtained by 

the Mott-Schottky technique. The supporting states in the bandgap of the materials are 

investigated by Photoluminescence (PL). The band structure of their composites is studied 

by X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy 

(UPS). The understanding of optical and electrical features of photocatalysts not only 

supports research expansion into new materials/composites and but also enables researchers 

to design wastewater or air pollution treatment systems with the suitable operation time, 

area, light source, and conditions, which helps to optimize the photocatalytic activity of 

photocatalysts and systems. 

 

Diffuse Reflectance Spectroscopy Analysis 

It is essential to know the bandgap energy to determine the right light source for activating 

photocatalysis. The photon energy should be higher than the bandgap energy of the 

photocatalyst to generate electron-hole pairs. The DRS is often used to determine the 

bandgap energy of photocatalysts. DRS results are plotted with reflectance or absorbance 

as the vertical axis vs. wavelength as the horizontal axis. To determine bandgap, the eqn. 

(1) is used to transform wavelength into energy as a new horizontal axis. The Tauc equation 

(eqn. (2)) and Kubelka Munk equation (eqn. (3)) transform the absorbance and the 

reflectance into a new vertical axis, respectively 8-10. The parameters of these equations are 

calculated as eqn. (4) – eqn. (8). The bandgap energy is determined by the tangent of the 
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plot with Ox. It is useful for single-component photocatalysts and heterojunctions 11-13. 

However, the absorbance should not be converted into reflectance or vice versa by eqn. (9) 

or eqn. (10) due to the significant change of bandgap energy. Also, photocatalysts with 

similar bandgap energies could behave differently. This shows that the photocatalytic 

behaviors depend not only on the bandgap value but also on the positions of the conduction 

band and valence band of materials, which DRS cannot determine.  The next sections will 

explain these phenomena and discuss the band structure of photocatalysts. 
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where E is Photon energy (eV), h is Planck's constant (4.132  10-15 eV.s), υ is the frequency 

(s-1), c is photon velocity (nm), λ is the wavelength (nm), α is absorption coefficients from 

absorption mode, B is constant, and Eg is bandgap (eV), A is absorbance value, l is sample 

width (cm), R is reflectance value, K is absorption coefficient from reflectance mode, and 
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S is scattering coefficient from reflectance mode. For direct and indirect bandgaps, r is 

equal to 2 and ½, respectively. 

 

Figure 1 (a) shows the absorbance of TiO2, SnO2, and g-C3N4. Determining the bandgap by 

absorbance plots is insufficient because it cannot determine whether the bandgap is direct 

or indirect. Moreover, the determined bandgap inconsistent with theoretical results. So, the 

Tauc equation (2) should be used to determine the direct bandgaps and indirect bandgaps 

via the tangent of Tauc plots of (αhν)2 vs. energy (Figure 1 (b)) and (αhν)1/2 vs. energy 

(Figure 1 (c)). The direct bandgaps are higher than the indirect bandgap for all materials. 

Figure 1 (d) shows the bandgaps of TiO2 (3.36 eV for direct bandgap and 2.91 eV for 

indirect bandgap), SnO2 (3.45 eV and 2.87 eV), and g-C3N4 (2.71 eV and 2.39 eV). 

Although it is not yet possible to choose between the direct or indirect bandgaps, knowing 

in advance, the maximum possible bandgap also helps choose the light source. Choosing 

the right bandgaps and determining the bandgap positions that affect the photocatalysts' 

redox abilities are discussed in the next section.  
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Figure 1. DRS spectra (a), Tauc plots of (αhν)2 vs. energy (b) and (αhν)1/2 vs. energy (c) of 

TiO2, SnO2, and g-C3N4. Direct and indirect bandgaps of materials (d). DRS spectra cannot 

determine the positions of the conduction band and valence band of materials 14,15. 

 

Electrochemical techniques 

Photocatalysts having the same bandgap but behave differently because the position of 

conduction band minimum (CBM) and valence band maximum (VBM) determines their 

redox ability. In previous reports, the Mott-Schottky technique is used to determine the CB 

position. For the Mott-Schottky technique, the apparent capacitance is measured as a 

function of potential and by eqn. (11) 16. The CBM can be determined by extrapolation of 

C = 0. The obtained CBM value is versus the reference electrode and conductive media. 

The most populated reference electrodes are calomel electrode (CE) (Hg2Cl2/Hg, Cl-), 

normal hydrogen electrode (NHE) (H+/H2), and silver – silver chloride electrode 
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(Ag/AgCl). The conductive media is often KCl with a concentration of 0.1 M, 1 M, 3.5 M, 

or saturation. However, the reports should obtain a CBM level vs. NHE via conversing 

CBM level vs. different electrode and media systems by eqn. (12) to reach consistency in 

studies. Combing this result with the bandgap energy from DRS, the VBM vs. NHE can be 

determined.  These understandings could help investigate and choose the right applications 

for photocatalysts because excited electrons must move from the CB to lower redox 

potentials and holes must move from VB to higher redox potentials. The redox potentials 

for various species and their change to pH via the Nernst equation (eqn. (13)) were 

thoroughly reviewed by Li et al. in 2016.17 For water splitting, photocatalysts with CBM 

lower than –0.41 V vs. NHE (
+

22H /H
E , pH = 7) are facilitated to reduce H2O into H2 while 

photocatalysts with VBM higher than 0.82 V vs. NHE (
2 2O /H OE , pH = 7) are facilitated to 

oxidize H2O into O2. For environmental application, photocatalysts with CBM lower than 

–0.78 V vs. NHE ( OH/OH−• , pH = 7) and VBM higher than 2.28 V vs. NHE (
OH/OH

E −•
, 

pH = 7) are favored because they can produce O2 and OH radicals to degrade pollutants. 

In addition, with the simplest approach, the CB and VB of photocatalysts are considered 

shifting at the same magnitude but in opposite directions in heterojunctions. 

FB2 2
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E E

C e NA e
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(11) 

25 C, pH 0

NHEE E E c== = +  (12) 

pHE E 0.059pH= −  (13) 

When SCC  is the space charge capacitance, e is the electron charge (F.cm-2),  is the 

dielectric constant of reaction, 0 is the vacuum permittivity, N  is the number of donors, k 

is Boltzmann constant, T is the experiment temperature (K), and A is the surface area of 

electrode contact with the electrolyte (cm). E is the applied potential (V). The FBE is 

estimated by extrapolating a linear fit of the MS plot to obtain the x-intercept (V). c values 

are shown in Table 1. 
kT

e
 is about 0.0257 V at 25 oC. 

Table 1. c values for conversion of the applied potential vs. different electrodes to vs. NHE. 
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Electrode c (V) Reference 

Hg/Hg2Cl2, KCl 0,1 M 0.334 18 

Hg/Hg2Cl2, KCl 1 M 0.280 18 

Hg/Hg2Cl2, KCl 3.5 M 0.250 19 

Hg/Hg2Cl2, KCl saturated 0.241 18 

Hg/Hg2Cl2, NaCl saturated 0.236 20 

Ag/AgCl, KCl 0.1 M 0.288 18 

Ag/AgCl, KCl 3 M 0.210 21 

Ag/AgCl, KCl 3.5 M 0.205 22 

Ag/AgCl, KCl saturated 0.199 22 

Ag/AgCl, NaCl 3 M 0.209 18 

Ag/AgCl, NaCl saturated 0.197 18 

 

Figure 2 (a) displays the Mott-Schottky plots of TiO2, SnO2, and g-C3N4. The linear 

potential parts of Mott-Schottky plots are used to determine the CBM position of TiO2, 

SnO2, and g-C3N4, which are calculated as -0.55, 0.51, and -0.51 eV vs. Ag/AgCl electrode, 

respectively. As shown in Figure 2 (b), the typical values for the CBM position of materials 

are converted from unit V vs. Ag/AgCl to V vs. NHE (eqn. (12)) for easy comparison of 

the future. Combining with DRS results and previous studies on bandgap types of TiO2, 

SnO2, and g-C3N4, the band alignment is illustrated in Figure 2 (c). When receiving enough 

excitation energy, the photogenerated electrons move from VB to CB and reduce absorbed 

oxygen (or H+) on the surface to O2 radicals (or H2). Although the CB and VB position 

has a lower potential than the potential of 
2 2O / O•  and OH/OH−• , previous reports also 

recorded reactions caused by these free radicals. It could be due to the states in the bandgap, 

which are discussed in the next section. 

 



9 

 

 

Figure 2. Mott-Schottky plots vs. Ag/AgCl reference electrode (a) and vs. normal hydrogen 

electrode (b) of TiO2, SnO2, and g-C3N4. Band positions of materials (c). The combination 

of DRS spectra and Mott-Schottky cannot determine the supporting states in the bandgap 

of materials 23,24. 

 

Photoluminescence Spectroscopy 

Defects in the photocatalysts are among the factors contributing to photocatalytic 

performance, and they prolong the lifetime of electron-hole pairs via adding trapping states 

in the band structure. Photoluminescence spectroscopy (PL) is a strong technique to study 

these phenomena. The PL results record the emission spectra of electrons from high 

potentials jumping to low potentials 25. A higher PL intensity might reflect high 

recombination of electron-hole pairs resulting in inadequate photocatalytic performance. 

However, the representation of PL results is often incorrect leading to incorrect 

conclusions. In 2013, Mooney and Kambhampati reviewed the proper Jacobian 
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transformations for quantitative analysis of emission spectra 26. To analyze PL results, 

firstly, the wavelength should be transformed into energy by eqn. (1). Secondly, this 

conversion of wavelength to energy should preserve the emission spectra area as eqn. (15) 

because the intensity vs. energy system (IE) is higher at lower energy and vice versa. In 

other words, the intensity vs. wavelength system (Iλ) should transform into IE as eqn. (16) 

– (17). Thirdly, IE could be calculated as eqn. (18) or eqn. (19) because the minus sign could 

be ignored without changing the properties of spectra. Finally, further evaluation of PL 

results could be conducted by fitting peaks with the Gaussian peak function. The fitting 

peaks may indicate 
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Where IE is signal per energy unit, Iλ is the signal per wavelength unit. 

 

Figure 3 indicates the PL spectra of TiO2, SnO2, and g-C3N4; the spectra undergo Gaussian 

peak fitting to find component peaks. Figure 3 (a) indicates that TiO2 has 3 peaks at 1.82, 

2.26, and 2.91 eV accounting for 20.4 %, 71.8 %, and 7.8 %, respectively. While the PL 

peak fitting of SnO2 (Figure 3 (b)) has 3 peaks at 1.79 eV, 2.03 eV, and 2.86 eV accounting 

for 41.2 %, 55.9 %, and 2.9 %, respectively. According to previous studies, these peaks of 

both TiO2 and SnO2 correspond to their instinct oxygen vacancies, which impact the charge 

carrier's separation resulting in a better photocatalytic performance 14. For g-C3N4, its PL 

peak fitting (Figure 3 (c)) shows 3 peaks at 2.48 eV, 2.69 eV, and 2.84 eV corresponded to 

the transitions of electrons from * to , from * to lone pairs (LP), and from  to LP, 

respectively. The position and role of these transitions are illustrated in Figure 3 (d). 
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Obviously, with the DRS, Mott-Schottky plots, and PL, the basic properties of the pure 

TiO2, SnO2, and g-C3N4 are being clarified. The next sections describe the changes of band 

alignment for the composites between them. 

 

Figure 3. PL peak fitting of TiO2 (a), SnO2 (b), and g-C3N4 (c). Bandgap states of TiO2, 

SnO2, and g-C3N4 (d). The combination of DRS spectra, Mott-Schottky, and PL cannot 

determine the changes in the band structure when materials are combined 27. 

 

X-ray Photoelectron Spectroscopy 

For determining the composition of the photocatalysts, X-ray photoelectron spectroscopy 

(XPS) is well known as a powerful tool, but another application of XPS that should be 

considered is to determine the band offset of heterojunctions. Comparing to the mentioned 

approach of Mott-Schottky, evaluating band shifting with XPS is more accurate because 

XPS records the elements' core levels, which are more stable than the surface value. In other 
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words, the VB offset could be accurately determined when the deviation of the core levels 

before and after contact is measured. The VB offset is calculated as eqn. (20) or (21), so 

the CB is calculated as eqn. (22) 28. The exact position of band structure vs. NHE is useful 

in studying and applying for suitable applications, as mentioned above.  

( ) ( )A A/AB A B B/AB B

V VBM CL CL VBM CL CLE E E E E E E = + − − + −  (19) 

( ) ( ) ( )A/AB B/AB A A B B

V CL CL CL VBM CL VBME E E E E E E  = − − − − −
 

 (20) 

A B

C g V gE E E E = + −  (21) 

When VE  is the valence band offset (eV),  CE  is the conduction band offset (eV),  

 

Figure 4 (a) and (b) show the XPS results and band alignment of SnO2/TiO2. The VB edges 

of pure TiO2 and SnO2 are 2.70 and 3.21, as shown in Figure 4 (c) and (d), respectively. 

When SnO2 and TiO2 are combined, there are shifts in core levels of Ti 2p and Sn 3d. If 

only DRS and Mott-Schottky are deployed, these shifts cannot be determined (Figure 4 

(e)). These shifts in core levels could be used to determine the VB offset and CB offset 

(eqn. (20) – (22)) (Figure 4 (f)). Comparing before and after contact, the VB and CB offsets 

decrease when SnO2 and TiO2 in contact. These results could be due to the transfer of 

electrons from TiO2 (band structure goes down) to SnO2 (band structure goes up). The next 

section will explain this transfer.  



13 

 

 

Figure 4. HR-XPS of Ti 2p (a) and Sn 3d (b) components of TiO2, SnO2, and SnO2/TiO2. 

Valence band edge spectra of TiO2 (c) and SnO2 (d). Band alignment of materials before 

contact (e) and after contact (f) 27. 
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Ultraviolet Photoelectron Spectroscopy 

Fermi energy level (EF) is an important part of the band structure; it helps determine the 

semiconductor type of photocatalysts and predict the transport of electrons in 

heterojunctions. Ultraviolet photoelectron spectroscopy (UPS) is the technique of recording 

VB and EF of photocatalysts. For UPS results, the EF is located at 0 eV, and the intersection 

of Ox and spectra tangent is relative VB position. Combining with the above techniques, 

the band structure of photocatalyst with CB, VB, EF, trapping states vs. NHE can be 

revealed. In addition, the work function () can be directly determined by eqn. (23) 29. The 

work function equals the difference between vacuum energy (Evacuum, at 4.5 V vs. NHE) and 

EF (eqn. (24). Thus, UPS can be used to confirm consistency between the results. In 

addition, when photocatalysts are combined to fabricate heterojunction photocatalysts, 

there are the transports of electrons from photocatalysts with lower work function to 

photocatalysts with higher work function. This transport can induce internal electric fields 

to support or prevent the further transport of excited electrons of heterojunction 

photocatalysts under light irradiation. This is the explanation for the existence of type-II 

and Z-scheme photocatalysts. 

h E =  −  (22) 

vacuum FE E = −  (23) 

 

The UPS results of TiO2, g-C3N4, and TiO2/g-C3N4 in Figure 5 (a) reveal the relative 

position of HOMO and VB to EF of them. Combining with DRS and Mott-Schottky results, 

the work function of these materials can be calculated by the difference between the 

Vacuum level and EF. The electrons will transfer from the material having the lower work 

function (g-C3N4) to the material having the higher work function (TiO2) to balance the EF. 

This is consistent with the work function of TiO2/g-C3N4 in Figure 5 (a). The band 

alignment of materials before and after contact is shown in Figure 5 (b). Due to the transfer 

of electrons from g-C3N4 to TiO2, the band is bending, and an electric field is formed at the 

interface of TiO2/g-C3N4. This is a direct method for confirming the latest type of 

photocatalysts, known as Z-Scheme and S-Scheme. 
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Figure 5. UPS of TiO2, g-C3N4, and TiO2/g-C3N4 (a). Band alignment of materials before 

contact and after contact (b) 15. 

 

Conclusion and perspectives 

In this report, we have discussed the key optical and electrical characteristics in studying 

photocatalyst. The highlights and perspectives for future work are shown in the graphical 

abstract and described as follows: 

(1) Bandgap energies determine the light source for activating photocatalysts. The DRS 

should be used to determine the bandgap energy of photocatalysts.  

(2) Positions of conduction band minimum (CBM) and valence band maximum (VBM) 

determine the redox ability. The Mott-Schottky technique is used to determine the CB 

position. Combining with the bandgap from DRS, the VB position is also determined. 

(3) Defects in the photocatalysts contribute to photocatalytic performance; they prolong the 

lifetime of electron-hole pairs via adding trapping states in the band structure. The PL 

results record the emission spectra of electrons from high potentials jumping to low 

potentials (trapping states). Combining with the VB and CB positions from Mott-Schottky, 

the trapping positions are determined. 

(4) Comparing to the mentioned approach of Mott-Schottky, evaluating band shifting with 

XPS is more accurate because XPS records the elements' core levels, which are more stable 
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than the surface value. XPS that should be considered is to determine the band offset of 

heterojunctions. 

(5) Fermi energy level (EF) may determine the semiconductor type of photocatalysts and 

predict the transport of electrons in heterojunctions. UPS is the technique of recording the 

VB and EF of photocatalysts. 

 

 

Graphical Abstract: Summary of approaches for study on photocatalysis  
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