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Abstract: The determination of the band gap energy (𝐸𝑔) of semiconductors powder materials 13 

can be performed from diffuse reflectance spectroscopy (DRS) measurements. For this purpose, 14 

the classical theory proposed by Kubelka and Munk (K-M) and the so-called plot Tauc, both 15 

discussed here, have been largely employed. We investigate the 𝐸𝑔 values of anatase TiO2 16 

particles synthesized by precipitation of titanyl sulphate in the presence of 5% ammonia 17 

solution and titanium and iron salts. Based on K-M function and Tauc plot and considering that 18 

the TiO2 anatase phase is an indirect band gap semiconductor, our results indicate that the 19 

samples subjected to a mechanochemical treatment (mill rotation speed equal to 300 rpm) 20 

present substantially lower 𝐸𝑔 values compared to those reported by other authors in a recent 21 

work. 22 

 23 
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 25 

1. Introduction 26 

Nowadays, TiO2 is a widely investigated material in diverse studies involving 27 

environmental remediation [1,2] and also photovoltaic (PV) devices such as PV solar cells [3,4]. 28 

It is well known that the TiO2 non-absorption in the visible region of the electromagnetic 29 

spectrum, due to its wide optical band gap energy (𝐸𝑔), and the recombination ability of 30 

electron/hole ( 𝑒− ℎ+⁄ ) pairs that are generated during the irradiation process are inherent 31 

problems associated with this semiconductor material [5]. However, in order to develop and 32 

apply TiO2-based photocatalytic systems in a real context, that is, beyond research laboratories, 33 

it is essential that this semiconductor material could efficiently harness solar energy. [6]. In this 34 

sense, there are currently different methods, namely, doping, supporting and semiconductor 35 

coupling, which  have been explored to obtain high photoactive TiO2 under visible irradiation 36 

[7]. 37 

Regarding the optical characterization of materials, UV-vis diffuse Reflectance 38 

Spectroscopy (DRS) is widely used technique to investigate the absorption of light by 39 

amorphous and polycrystalline materials [8]. For this propose, a plethora of studies have used 40 

the Kubelka-Munk (K-M) model and Tauc plot to determine the 𝐸𝑔 of semiconductor materials 41 

in the form of powders (non-single-crystal) [9–11]. 42 

In a recent article [12], the optical properties of TiO2 particles were investigated from 43 

DRS measurements. The aforementioned article states (Section 3.4) that the 𝐸𝑔 values were 44 

determined directly from the K-M function plotted as a function of the incident photon 45 

wavelength (Fig. 5b in that article). It is important to emphasize that this procedure, which 46 

ignores the nature of electronic transition between the valence and conduction bands in 47 

obtaining 𝐸𝑔, is not the more suitable one as demonstrated by López and Goméz [13]. Therefore, 48 
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the main goal of this work is to discuss the appropriate method to obtain 𝐸𝑔 [14–17] and 49 

compare the newly calculated values with those presented by Kucio et al. [12].   50 

2. Methods 51 

2.1. Tauc Plot 52 

The 𝐸𝑔 value of semiconductor materials can be estimated by using the so-called Tauc 53 

plot method, which is based on the following equation: 54 

𝛼(𝐸) ∝
(𝐸 − 𝐸𝑔)

𝑝

𝐸
. 

  

(1) 

In Eq. (1), 𝛼 and 𝐸 are the absorption coefficient (defined as the probability of light being 55 

absorbed per unit path length) and incident photon energy, respectively [18]. The 𝑝 value 56 

depends on the semiconductor band structure, in which 𝑝 = 1/2 for dipole-allowed transitions 57 

occurring at a direct band gap and 𝑝 = 2 for dipole-allowed transitions near an indirect gap. 58 

Besides that, there are also relevant cases of dipole-forbidden transitions (direct gap 𝑝 = 3/2 59 

and indirect gap 𝑝 = 3), where the dipolar transitions are suppressed.  60 

It is clear from Eq. (1) that the 𝐸𝑔 can be obtained by extrapolating to zero a linear fit of 61 

the plot of (𝛼 × 𝐸)1/𝑝 as a function of 𝐸, the so-called Tauc plot [19]. Eq. (1) has often been 62 

mistakenly referred to as Tauc’s relation/equation/formula [20–22]. However, it should be 63 

highlighted that this classical relationship from the theory of optical transitions in 64 

semiconductors was not originally derived by Tauc [23]. 65 

2.2. Kubelka-Munk model 66 

The description of the diffuse reflectance phenomenon can be realized from a two-flux 67 

model based on a differential [24] or integral formulation [25]. Inspired by the work of Schuster 68 

[26], Kubelka and Munk proposed differential equations to describe changes in the light 69 

intensity traveling through a material medium (of thickness 𝐿) deposited on a given substrate 70 

(Fig. 1).  71 

 72 

Fig. 1: Diagram for a two-flux diffuse reflectance model, in which 𝑖 and 𝑗 represent the intensity of light 73 
traveling inside the sample (with thickness 𝐿) towards its unilluminated and illuminated surface, 74 
respectively.  75 

Assuming the light intensity going downward (𝑖) and going upward (𝑗) at any point z, 76 

in which 0 ≤  𝑧 ≤ 𝐿, then the infinitesimal variation of 𝑖, represented by 𝑑𝑖, is due to the:  77 

I) absorption by the material located within the volume of thickness 𝑑𝑧; here, 𝑖 78 

suffers a decrease (𝑑𝑖 0);  79 
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II) scattering of light going downward; 𝑑𝑖 is also negative and, 80 

III) scattering of light going upward; in this case, 𝑑𝑖 is positive.  81 

After these considerations, the following equation is obtained: 82 

                                           𝑑𝑖 = −𝐾𝑖𝑑𝑧 − 𝑆𝑖𝑑𝑧 + 𝑆𝑗𝑑𝑧, 
(2) 

where 𝐾 and 𝑆 are the K-M absorption and scattering coefficients, respectively, both being 83 

positive and having inverse length units. Similarly, the Eq. (3) for the change in light intensity 84 

going upward can be derived. However, it is important to note that for this case 𝑑𝑧 is negative, 85 

that is: 86 

                      −𝑑𝑗 = −𝐾𝑗𝑑𝑧 − 𝑆𝑗𝑑𝑧 + 𝑆𝑖𝑑𝑧                             (3) 

When considering a sample with semi-infinite thickness (𝐿 → ∞), which in practice 87 

corresponds to thicknesses greater than 2 mm [27], the resolution of Eqs. (2) and (3) implies: 88 

                                                   
𝐾

𝑆
=

(1 − 𝑅)2

2𝑅
, 

                                                        (4) 

where R, defined by the ratio of the intensity (𝐽) of light reflected by the sample and the 89 

intensity (𝐼) of incident light, is a dimensionless quantity called diffuse reflectance (R = 𝐽/𝐼) and 90 

𝐾/𝑆 = 𝐹(𝑅) is the dimensionless K-M function [24,25]. 91 

2.3. Obtaining the 𝑬𝒈 from DRS data 92 

Actually, the sample’s diffuse reflectance is measured by a spectrophotometer 93 

(equipped with an integrating sphere device) using some material as a reference, usually 94 

polytetrafluoroethylene (PTFE) or barium sulphate (BaSO4) pellets [27]. Besides that, when the 95 

K-M scattering coefficient and the material scattering coefficient (defined as the probability of 96 

light being scattered per unit path length) are considered as constants, the Eq. (5) is obtained 97 

[24]. 98 

𝛼(𝐸) ∝ 𝐹(𝑅)           (5) 

Therefore, according to the two previous subsections, the 𝐸𝑔 can also be determined 99 

from (𝐹(𝑅) × 𝐸)1/𝑝 against 𝐸. However, Kucio et al. used a different procedure to obtain 𝐸𝑔; in 100 

fact, the extrapolation to zero was performed from the plots of 𝐹(𝑅) versus 𝐸. Consequently, the 101 

𝐸𝑔values presented in [12] are quietly incorrect.  102 

In order to determine new values of 𝐸𝑔, the coordinates related to the diffuse reflectance 103 

(axis y) versus wavelength (axis x) in Fig. 5a [12] were obtained for each wavelength (with an 104 

incremental step of 1 nm), by using the WebPlotDigitizer free software. It consists in a semi-105 

automated tool that allows the extraction of underlying numerical data from a variety of plots, 106 

including XY coordinates, with high levels of reliability and validity [28].  107 

3. Results and Discussion  108 

According to the diffraction pattern shown in Fig. 1 [12], the samples investigated by 109 

Kucio and co-authors consist of TiO2 anatase phase, that is, an indirect band gap semiconductor. 110 

Therefore, in Eq. (1), 𝑝 takes a value equal to 2 and according to the previous section the band 111 

gap must be calculated from (𝐹(𝑅) × 𝐸)1/2 versus 𝐸. In this sense, the coordinates obtained 112 

from the WebPlotDigitizer were plotted in Fig. 2a and later used to calculate (𝐹(𝑅) × 𝐸)1/2. The 113 

change of 𝐹(𝑅) × 𝐸)1/2 as a function of incident photon energy is shown in Fig. 2b.  114 
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 115 

Fig. 2: a) DRS spectra and b) 𝐹(𝑅) × 𝐸)1/2 corresponding curves. 116 

As stated before, from the linear fit of the 𝐹(𝑅) × 𝐸)1/2 curves shown in Fig. 2b, the new 117 

values of 𝐸𝑔 were determined. For this purpose, five different intervals were considered, which 118 

are located in the region of strong absorption and which present linear behavior in the Tauc plot 119 

(Fig. 3).  120 

 121 

Fig. 3: Indirect band gap values and their respective uncertainties. The 𝐸𝑔 values were calculated with the 122 
parameters obtained from the linear fits considering different energy intervals (in eV) in Fig. 2b. The 123 
dashed lines correspond to the 𝐸𝑔 values obtained by Kucio et al. [12]. 124 

It is important to emphasize that the linear coefficient divided by the slope (in module) 125 

of the fit line provides the numerical value of 𝐸𝑔. Therefore, the uncertainty bars in Fig. 3 were 126 
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determined through diffuse reflectance spectroscopy (DRS) measurements propagation 127 

calculations using the quotient’ rule. From Fig. 3, it can be observed that, the dashed lines 128 

indicate that the 𝐸𝑔 values obtained by Kucio et al. [12] are significantly higher than the five 129 

values determined in the present work. 130 

Table 1 shows the probable range where the 𝐸𝑔 value should actually be located (second 131 

column) and compares these values with those reported by Kucio et al. [12]. In general, it is well 132 

known that the optical properties present some variations that depend on the experimental 133 

conditions and chemical composition of the reagents used in the sample synthesis process [29]. 134 

Anyway, in this work, the band gap energy value for the “iniS” sample was around 3.0 eV, 135 

which is in agreement with the value presented by Ola and Maroto-Valer for the anatase phase 136 

of TiO2 (without any modification) [30]. Furthermore, it is expected that the other 𝐸𝑔 values 137 

should also be significantly lower than those presented by Kucio et al., indicating that MChTS-138 

xero/air300, MChTS-xero/water300 and MChTS-gel/300 photocatalysts have a wider range of visible light 139 

absorption. 140 

Table 1: Probable range (∆𝐸) in which the band gap energy value of different TiO2 samples precipitated 141 
from titanium sulfate is found compared with those obtained by Kucio et al. [12].  142 

Sample ∆𝐸 (eV)a 𝐸𝑔 (eV)b  

iniS 2.81 – 3.00  3.19 

MChTS-xero/air300 2.72 – 2.77 3.01 

MChTS-xero/water300 2.54 – 2.63 3.09 

MChTS-gel/300 2.77 – 2.88 3.08 
a Minimum and maximum values of 𝐸𝑔 calculated using Fig. 2b and the method explained in Section 2. 143 
b Values presented in [12]. 144 

4. Conclusions 145 

In this study, the authors revisited the main aspects of the two-flux K-M model and 146 

Tauc plot. It was found that Kucio et al used an inappropriate procedure to determine the band 147 

gap energy of TiO2 particles from DRS measurements, since they did not take into account that 148 

the TiO2 anatase phase is an indirect band gap semiconductor material [12]. Furthermore, in this 149 

work, the DRS curves presented in Fig. 5a [12] were obtained by using an image processing 150 

software, which enabled the calculation of new band gap energy values from the Tauc plot. Our 151 

results show that the samples synthesized by the aforementioned authors are able to absorb 152 

visible light even more efficiently, which highlights the importance of the present study for the 153 

scientific community.  154 
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