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Abstract
The optical band gap energy, Eg, of semiconductors is routinely determined using UV–Vis absorp-
tion measurements followed by Tauc-plot analysis. This method requires knowledge of the Tauc
exponent n, which corresponds to the nature of the electronic transition. While Tauc analysis
is effective for single-phase semiconductors, it may not be applicable to mixed-phase materials
that exhibit two different types of transitions. In this work, the absorbance of mixed-phase TiO2

(anatase and rutile) with varying compositions is examined. Anatase has an indirect band gap
(n= 2), whereas rutile has a direct band gap (n= 1/2). It is shown that the first derivative of the
absorbance with respect to the wavelength, dA/dλ, yields phase-composition information largely
similar to that obtained from XRD analysis. Furthermore, the positive peak of the second deriv-
ative, d2A/dλ2, provides a band-gap value that does not shift (within<0.05 eV) with changes in
TiO2 phase composition. The method was also tested on two additional semiconductors (ZnO and
g-C3N4), yielding band-gap energies comparable to those obtained using established techniques.
These results demonstrate that the band gap energy can be determined without prior knowledge of
the transition type by using the second derivative of the absorbance.

1. Introduction

Mixed-phase semiconductors have been used in many important technological applications for over
a century. In photocatalysis they serve as interface junctions [1–5], enhancing charge separation and
further driving excited electrons and holes transfer to different surface sites or to different surface
terminations [6, 7], when possible. Knowledge of their optical band gap energies is therefore, routinely
needed along with their composition. Computationally band gap energies of semiconductors can be
extracted although usually with either hybrid methods (DFT + HF) or with the incorporation of the
Hubard parameters (DFT + U) [8, 9]. This is because DFT underestimates the band gap energy. In gen-
eral, experimentally the band gap energy of a semiconductor is extracted from UV–Vis absorbance meas-
urements as a function of wavelength then by using the Tauc method [10, 11]. This method has received
considerable attention and while it has its limitations when applied to crystalline materials it still offers a
reliable estimate of the band gap energy for single semiconductor materials. Also, traditionally the phase
composition is extracted from XRD patterns for crystalline semiconductors. The situation becomes more
complex when two semiconductor phases are present with two different band gap energies, in particular
when they have two different energy transitions (direct and indirect band gap energy, for example) such
as in the case of the commonly used mixed phase TiO2 (anatase and rutile). To explore this in some
details a brief description is given below.

The Tauc equation is described as follows:

A∗ (hν− Eg
)
= (αhν)

1
n (1)
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where α is the absorption coefficient, which is a function of wavelength α(λ), h is Planck constant, Eg
is the optical band gap of the semiconductor, ν is incident light frequency, A∗ is a constant, and n is
the Tauc exponent. n may have different values depending on the type of energy transition. Generally, it
is recommended to use A∗ instead of A based on previous comprehensive work by others [12]. In par-
ticular, n = 1/2 for direct (allowed) transitions and n = 2 for indirect (allowed) transition are used. In
practice, a plot of (αhv)1/n as a function of hv is made and extrapolation of the linear range beyond the
absorption edge yields the value of Eg on the abscissa axis and for that the value of n needs to be known
[13]. Also, as clearly presented in earlier studies, the constant (A∗) is sensitive to the presence of defects,
known as Urbach tail absorption [14]. The derivative of the Tauc equation gives the slope A∗,

[
d(αhν)2

d(hν)

]
hν=Eg

= A∗ = B2Eg
2 (2)

where B is a factor as defined by equation (12) in [12].
In previous work, an evaluation of B [12] was conducted in the case of ZnO (another wide band gap

semiconductor with a (direct) band gap energy at room temperature of ca. 3.3 eV) [15]. The theoret-
ical value of B for ZnO is equal to 3 × 1012. Based on 73 plots the authors [12] found that while the
mean B did not deviate by much its values ranged from 107 to 1016. One of the main reasons for the
deviations is related to the absorption coefficient, α.

As pointed out [16], for example in the case of a direct transition, α is equal to

αdir

(
E< Eg

)
= 0 and αdir

(
E⩾ Eg

)
∝
(
E− Eg

) 1
2 (3)

and the following assumptions are made. (1) No Coulomb attraction between the e-h generated pairs,
(2) the absence of extrinsic absorption often due to defect states and impurities, and (3) the fact that the

parabolic-like shape of αdir

(
E⩾ Eg

)
is valid only at electron wave-vector,

⇀

k = 0.
When the semiconductor analyzed has an indirect electronic transition α changes.

αindir

(
E⩾ Eg

)
∝
(
E± hΩ− Eg

)2
(4)

where hΩ is the phonon emitted (−) or absorbed (+). It is therefore obvious that a Tauc plot for mixed
phases requires two values of n. If in addition the phase composition is not known the contribution of
each phase in the plot cannot be determined.

An alternative method that has been in practice in solution chemistry to evaluate the absorption
energy, where two or more light absorbing substances are present, is to use the derivatives of the absorb-
ance replotted as a function of the wavelength [17, 18]. Actually, derivative spectroscopy has been used
for over a century and can provide considerable information on the absorption bands [19, 20]. The
idea behind it rests upon the measurement of the first or higher derivatives of the absorbance, A, with
respect to the wavelength, dA/dλ, d2A/dλ2, etc. One of the advantages lies in its capability to resolve
or enhance weak absorbance related to a small concentration of a given compound when compared to
the other. This method has in some cases been used to analyze solid materials, although not for a dir-
ect extraction of the band gap energy. For example, the first derivative [21] (dA/dλ) was used to fur-
ther study the absorbance of TiO2. The second derivative (d2A/dλ2) method was also used to identify
changes of the absorbance of solid Pb1-xSrxSe, where the band gap energy transition changes from dir-
ect to indirect [22] as a function of the concentration of Sr. Also, in a work on CdSe quantum dots
[23], a close matching of the transition energies with the second derivative of the absorption spectra was
observed and was suggested as a method to provide the electronic transition energy.

Putting the above together one may point out that extraction of the band gap energies of a mixed
phase wide band gap oxide semiconductor, in particular if it contains some oxygen defects (like most
n-type semiconductors), might be obtained using derivative spectroscopy instead of, or in addition to,
the traditional Tauc plot method. In this work, the extraction of the band gap energies of a mixed phase
oxide with different compositions of samples based on TiO2 anatase and rutile with different relative
compositions, have been evaluated by diffused reflectance spectroscopy (DRS) and XRD diffraction. The
objective is to test the possibility of extracting both the band gap energies and phase composition from
one measurement (UV–vis) without the needed knowledge of the nature of the optical transition (direct
(TiO2 rutile) or indirect (TiO2 anatase)).
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2. Methodology

TiO2 (anatase) (Hombikat by Sachtleben Chemie GmbH) was used as the starting oxide. The powder
XRD pattern was collected using a Panalytical Empyrean series 2-XRD at the following condition: A 2θ
range between 5 and 90◦ was used with a step size of 0.013◦ and a step time of 0.1 s. The x-ray, Ni-
filtered Cu Kα radiation source (λKα = 1.5418 Å) was operated at 45 mA and 40 kV.

UV–vis absorbance spectra of the powder samples were collected over the wavelength range of 250–
900 nm (1 nm/step) using a Thermo Fisher Scientific UV–vis spectrophotometer equipped with praying
mantis diffuse reflectance (R) accessory. The following relational expression is used for the determination
of the band gap energy; (hνα)1/n = A(hv−Eg). Where h: Planck’s constant, v: frequency of vibration,
α: absorption coefficient, Eg: band gap energy, A: proportional constant. The value of the exponent n
denotes the nature of the transition. The obtained diffuse reflectance spectra are converted to Kubelka–
Munk function (F (R) = (1–R)2/2R), where R is reflectance. The vertical axis is converted to quantity
F(R∞), which is proportional to the absorption coefficient. The α in the Tauc equation is substituted
with F(R∞). Then, the expression becomes (hνF(R∞))1/n = A(hν−Eg). A fraction fit line (20%–70%)
is drawn tangent to the point of inflection on the curve of the function and the hν value at the point of
intersection of the tangent line and the horizontal axis is the band gap Eg value.

TiO2 (anatase) sample were heated in a furnace (in air) at different temperatures to transform part
or all of the anatase phase to rutile as depicted in figure S1. Evaluation of the phase composition of
anatase (A) and rutile (B) using XRD was conducted using the following formula [24]:

% R=
1[(

A
R

)
× 0.884+ 1

] × 100. (5)

It was further checked with a Rietveld refinement type method, as follows.

1. Each diffraction pattern was imported into a uniform numerical format (2θ vs. intensity). A smooth
background was approximated using a quadratic polynomial and subtracted before refinement to
remove instrumental and fluorescence contributions. No artificial smoothing or intensity
normalization was applied prior to fitting.

2. Phase identification: all patterns corresponded to TiO₂ in either the anatase (tetragonal, space group
I4₁/amd) or rutile (tetragonal, space group P4₂/mnm) polymorphs.

3. Rietveld-type refinement procedure: quantitative phase analysis was performed using a custom
Rietveld-type whole-pattern least-squares routine implemented in Python. The method models the
experimental intensity Iobs(2θ) as a sum of phase contributions plus background.

4. Each Bragg peak position 2θ_(hkl) is calculated from Bragg’s law using the refined lattice parameters

a and c: 1
d2 =

h2+k2

a2 + l2

c2 , 2θ = 2sin−1
(
λ
2d

)
5. Peak-shape function: a pseudo-Voigt (PV) function (a symmetric mixture of Gaussian and Lorentzian

shapes) was used to describe peak profiles. The full width at half maximum (FWHM), β, was
modeled as:

β2 =
(

Kλ
Dcosθ

)2
+(4 ∈ tanθ)2 [2] where K = shape factor (0.9), D = apparent crystallite size,

ε = microstrain (dimensionless), and θ = Bragg angle.
6. Parameters refined: for each pattern, the following parameters were refined simultaneously by

non-linear least squares (Levenberg–Marquardt algorithm): phase scale factors: Sanatase, Srutile; lattice
constants: aanatase, canatase, arutile, crutile; instrumental/geometry: zero-shift (∆2θ); microstructural:
apparent crystallite size (D), microstrain (ε); background: quadratic polynomial coefficients
(b0, b1, b2).

7. Goodness of fit: the refinement quality was evaluated using standard Rietveld reliability factors:
Rwp; Rp and χ2.

8. Weight fractions of anatase and rutile were obtained from normalized scale factors:

Wanatase =
Sanatase

Sanatase + Srutile
× 100, Wrutile = 100−Wanatase.

The crystallite sizes were cross checked by the Scherrer equation; the values are reported in table 1. All
analyses were implemented in Phyton (v3.11) using least square optimization routine.

3
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ZnO–NaOH was synthesized by precipitation in aqueous methanol solution. Briefly, 1.98 g zinc
acetate dihydrate (Sigma Aldrich, > 98%) was mixed with 40 ml of methanol (Sigma Aldrich, HPLC
Grade > 99%) and refluxed at 64 ◦C for 5–6 min. De-Ionized water (18.2 MΩ) was added dropwise to
the solution followed by the addition of 30 ml of 0.7 M NaOH in methanol dropwise. The solution was
then left to reflux at 64 ◦C for additional 30 min. The white precipitate was then collected by centrifu-
ging at 6500 rpm for 15 min. The precipitate was washed with 1:1 ethanol: acetone solution 3 times and
stored in a vacuum desiccator overnight. This was followed by calcination at 400 ◦C for two hours with
a ramping rate of 10 ◦C mim−1.

C3N4 was synthesized directly from melamine (99% Sigma Aldrich) via a solid-state thermal poly-
condensation reaction procedure. The white precursor was heated at 600 ◦C for 15 h in static air
(i.e. heating rate: 5 ◦C min−1) in an alumina crucible covered with aluminum foil.

3. Results and discussion

Before making a comparison between the optical spectra of the mixed phases, it is opted to first present
the absorbance of a single phase. In this case there are no obvious issues and extraction of the optical
band gap energy is relatively straight forward. This is presented in figure 1 in which the absorbance as
a function of wavelength of a polycrystalline TiO2 anatase powder is plotted (figure 1(A)) along with
the corresponding Tauc plot [25] in figure 1(B). The XRD pattern of TiO2 anatase and the other TiO2

powders used in this work are presented in figure S1.
While TiO2 Hombikat is pure anatase (see figure S1), it is opted to heat it to the highest possible

temperature (900 ◦C, just before the appearance of the rutile phase) in order to obtain a reasonably
pure crystalline anatase phase. The crystallite size of this anatase phase was calculated to be equal to
43 nm. Both plots give very close results. The asymptote of the absorbance intersection with the x-axis
gives a band gap energy of 3.27 eV (380 nm) which matched the value obtained from the Tauc plot.
It is noted that the baseline goes to near zero in both plots and therefore the extrapolation is unlikely
to have errors. In figure 1(A) the first derivative of the absorbance (A) with respect to λ is indicated at
about the inflection point. Also shown is the second derivate at the bottom curvature. An arrow indic-
ates an approximate position pointing to intersection with the x-axis at the same position as the asymp-
tote intersection. This is more detailed in figure 2 for the series studied.

Figure 2 presents absorbance spectra, along with their first and second derivatives, for TiO2 100%
anatase and of TiO2 100% rutile with respect to λ. The shift to a higher wavelength (lower energy) of
the rutile absorbance is clear. The weak increase in absorbance just above the band edge in rutile TiO₂
(between ∼3.0 and 3.8 eV) arises from the onset of weakly allowed transitions. These may originate both
from deeper valence-band states to the conduction-band minimum, and from valence-band maximum
electrons to higher-lying conduction-band states. This behavior is consistent with the electronic structure
of rutile [21], where the fundamental direct transition is dipole-forbidden and strong dipole-allowed
transitions occur only above ∼4 eV. It is however observed that the baseline does not go to zero in the
case of the rutile and there is some absorption between about 400 and 600 nm (attributed to oxygen
defects [26] among others and the unavoidable formation of the Magneli phase [27]). The Tauc plots of
the two samples are presented in figure S2.

Figure 2(B) presents the first derivative (for a better display it is presented as −dA/dλ, so the peaks
are positive). The baseline is much better for the TiO2 and would unlikely affect the band widths for
both samples. The negative peak on the low wavelength side is due to the increased absorption as seen
in the absorbance spectra of figure 2(A). It is to be noted that the FWHM of the TiO2 rutile (22–23 nm)
is smaller than that of the anatase (30 nm) sample. The density of states of the anatase and rutile bulk
structures is largely similar therefore this is unlikely to be due to differences in possible available filled
states (at the valence band) or empty states (in the conduction band) [28]. The difference may be due
to higher crystallinity of the rutile sample compared to the anatase one. It has been reported that the
presence of less crystalline phases in TiO2 leads to higher density of localized states near the band edges
[29]. These are often referred to as ‘tail states’ related to structural disorder (due to the displacement of
O atoms from the plane containing three neighboring Ti atoms), which are largely absent or much less
pronounced in highly crystalline phases.

4
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Figure 1. Absorbance spectrum of TiO2 anatase of ca. 40 nm crystallite size (see figure S1 for XRD patterns). (A). As recorded
absorbance spectrum, (B). Tauc plot of the data in (A) in which the Kubelka–Munk function F(R∞) replaces the absorption
coefficient; see methodology section. The dot points in (A) and (B) are linear regressions.

Figure 2. (A) Absorbance as a function of wavelength plots for 100% anatase and 100% rutile TiO2 (see figure S1 for XRD of the
samples); note the finite absorption or tail below the band gap is highlighted and attributed to bulk defects. (B) Negative of the
first derivative, dA/dλ, with respect to λ, of the data in (A); note that the rutile dA/dλ is sharper than that of the anatase TiO2.
(C) Second derivative with respect to λ, d2A/dλ2, of the data in (A); the vertical dashed lines point to the peak maxima which
coincides with the values of the band gap energies. The green triangle in (B) highlight the energy overlap between anatase and
rutile phases; the raw data are points and the lines corresponds to 5-point smoothed fit.

Another observation is the presence of an overlap of dA/dλ between both phases as highlighted in
figure 2(B). Its meaning is not clear, although it is worth mentioning as indicated in equation (2) that
the derivative of the Tauc equation gives A∗ which is sensitive to defects (Urbach tail).

The second derivative is presented in figure 2(C). The maximum of the positive peak for each
sample, that is at the high energy side of curvature of the absorbance is equal to 415 nm (3.0 eV)
for rutile phase and 380 nm (3.25 eV) for the anatase phase. While these numbers are very close to
those obtained from the asymptotes, they have the merit of being insensitive to the way they are drawn
because each originates from a single point, and there was no need to invoke the nature of the electronic
transition. There are two curvatures in a typical absorbance spectrum of a semiconductor, such as that
presented in figure 1(A). These are captured by the second derivatives. The first is negative and below
the middle of the absorbance. This is the region of deeper valence band electrons while the second (pos-
itive) after the middle of the absorbance originates from electrons statistically close to the upper edge of
the valence band. It is found that this corresponds to values obtained either upon direct extraction from
a linear fit of the region of concern of the absorbance plot or upon using the Tauc plot.

5
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Figure 3. Diffused reflectance spectroscopy (DRS) of a series of TiO2 powders containing anatase and/or rutile phases. Samples
labeled 1–4 contain both phases. See table 1 and figures S1 and S3 for further information on the structure and fraction of the
two phases in the samples.

To further see the merit of this method figure 3 presents the series of samples in which both TiO2

phases are present. In this case, both electron transitions occur (direct for rutile, n = 1/2, and indirect of
anatase, n = 2). Changes in the slope of the absorbance with wavelength due to the increasing presence
of the rutile phase is clear.

Figure 4(A) presents the negative of the first derivative. The presence of the two phases gives rise to
two distinct peaks. Fitting was conducted by taking the parameters from pure anatase and pure rutile as
seen in the bottom and top spectra. The relative peak areas attributed to the anatase and rutile phases
are given in table 1 together with those obtained from XRD. It is found that the fraction of each phase
obtained from dA/dλ plots is similar to that obtained from XRD. The slight changes are attributed to
deviations in fitting the peaks in the derivative plots as well as to deviations of the composition obtained
from XRD. Figure 4(B) shows the plots of the second derivative, d2A/dλ2. Pure anatase and rutile have
one negative and one positive peak. The positive peaks maxima are now used to point to the position of
the band gap energies of the mixed phases. In the case of the mixed phases the plots contain four peaks,
two negative and two positive peaks. The extracted band gap energies are given in table 1 and deviated
by <0.05 eV which is within experimental and analytical errors.

It therefore appears that one can extract both the phase composition and band gap energy of mixed
polycrystalline oxide phases using the DRS data alone and without the need to include the nature of
the electronic transition. It is also worth mentioning that the values of the extracted band gap energies
did not change with composition, most likely because the separation of about 30 nm between the two
phases is large enough to prevent overlaps.

The fact that the method works well in the case of polycrystalline TiO2 might be because of com-
bination of a few factors, in particular because the energy separation is relatively large (0.2 eV differ-
ence ≈ 30 nm). For other mixed phases with smaller band gap energies differences, data acquisition will
need to be conducted with smaller steps (∆λ).

The correspondence between the XRD results and the first derivative is made possible because of the
crystallinity of the samples and is shown as a guide. Moreover, the first derivative method to extract the
contribution of both phases might be useful for estimation of their relative contributions, if they are less
crystalline, where in this case extraction of their composition by XRD is not simple. Further work needs
to be conducted on other semiconductors in order to validate such a correspondence.

4. Other semiconductors

While successful extraction of the phase contributions from the first derivative is clear (as it in line with
those obtained from XRD), the extraction of the band gap energy from the second derivative will bene-
fit from comparison with other semiconductors. It is beyond the present work to conduct extensive
measurements on many other semiconductors. However, figure 5 presents two other semiconductors

6
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Figure 4. (A) Negative of the first derivative, dA/dλ, with respect to λ, of the data in figure 3. (B) Second derivative with respect
to λ, d2A/dλ2, of the data in figure 3; the vertical dashed lines point to the peak maxima which coincides with the values of the
band gap energies (see table 1); the raw data are points and the lines corresponds to five-point smoothed fit.

Table 1. Fractions of the rutile phase as obtained from XRD patterns and from the first derivative of the absorbance (using DRS)
dA/dλ). Also shown are the crystallite sizes obtained from XRD and the band gap energy obtained from the second derivative, d2A/dλ2.

Sample

Rutile fraction
XRDa-(101)A/
(101)R

Rutile fraction
XRDb- Rietveld
refinement

Rutile fraction,
using dA/dλ plots
(UV vis.)

Crystallite size
Anatase/Rutile

Anatase, Eg
using (d2A/dλ2)
nm (eV)

Rutile, Eg using
(d2A/dλ2) nm
(eV)

100%
anatase

0 0 0 43 nm /— 380 (3.26) —

1 0.08 0.10 0.09 45 nm /— 378 (3.28) 411 (3.01)
2 0.23 0.20 0.25 48 nm/45 nm 378 (3.28) 415 (2.99)
3 0.31 0.35 0.35 47 nm/43 nm 377 (3.29) 413 (3.00)
4 0.67 0.55 0.60 48 nm/48 nm 377 (3.29) 416 (2.98)
100%
rutile

1 1 1 -/51 nm — 415 (2.99)

a See equation (5).
b See methodology section and figure S3. The errors of the fractional numbers of rutile are about±10%.

that give relatively clear absorbance in the UV and visible regions: ZnO (direct band gap) and C3N4

(indirect band gap), respectively. The ZnO sample analyzed has recently been studied in more detail
by pump probe femto-second transient absorption spectroscopy (TAS) in addition to XRD, TEM and
DRS. It is highly crystalline with lattice parameters matching standard wurtzite ZnO reference samples
[30]. Comparison between its ground state bleaching as monitored by TAS and the first derivative of its
absorbance as obtained from DRS indicated considerable similarities. Most important, the first derivat-
ive peak had the narrowest FWHM of the three ZnO samples studied which together with the narrowest
XRD peaks further point to a possible relation related to the degree of crystallinity. The second deriv-
ative plot gives a band gap energy of 3.27 eV. Extraction of its band gap energy using the Tauc method

7
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Figure 5. (A) First (inset) and second derivatives of the absorbance with respect to the wavelength for a polycrystalline ZnO
sample. (B) Absorbance, its first derivative (both as insets) and its second derivative with respect the wavelength of C3N4 that
was prepared from melamine.

gave a very close band gap energy (3.24 eV). This is similar to other ZnO samples in different forms
where a band gap energy of 3.3 eV is taken as the standard [31].

Figure 5(B) shows the absorbance, dA/dλ and d2A/dλ2 of a C3N4 sample. While considerable work is
devoted to its properties it is an emerging material and still some of its properties not well understood.
Previous work has shown that C3N4 prepared from melamine is crystalline [32]. This sample is part
of a series that was studied by several methods including XRD, TEM, DRS and XPS core and valence
levels. Its band gap energy varied as a function of calcination temperature, with the sample calcined at
600 ◦C having the lowest Eg (extracted from the Tauc plot) and that was found to be 2.7–2.8 eV. The
one extracted from the second derivative in figure 5(B), gave an Eg of 2.80 eV. The proposed method
might be able to separate 2D from g-C3N4 since the former has a band gap energy about 0.2 eV larger
than the latter [33, 34]. The Tauc plots of ZnO and C3N4 are presented in figure S4.

4.1. Potential and limitations of second-derivative and Tauc-based approaches for band-gap
determination
The determination of semiconductor band-gap energies from UV–Vis diffuse reflectance spectroscopy
(DRS) remains a widely used method-dependent procedure. Graphical approaches analyses are par-
ticularly sensitive to the quality of the experimental data, including baseline stability, signal-to-noise
ratio, scattering effects, and phase purity. Small variations in data preprocessing or in the selected fitting
window can lead to substantial differences in the extracted band-gap energy. A recent methodological
investigation demonstrated that band-gap values derived from identical DRS datasets may differ by up
to 0.8–0.9 eV depending on the evaluation method employed, particularly for mixed-phase or doped
TiO₂ systems [35]. This sensitivity is especially pronounced for materials exhibiting multiple optical
transitions, such as mixed anatase–rutile TiO₂ or doped TiO₂, where the Tauc method may yield an
apparent band-gap that reflects the dominant absorption feature rather than the fundamental transition.
Several studies have reported significant band-gap shifts derived from Tauc plots in such systems, even
when structural characterization indicates only modest changes in phase composition or defect density
[36–38]. This illustrates that Tauc-based band-gap values need to be interpreted with caution, particu-
larly when comparing materials with different morphologies, dopant concentrations, or phase mixtures.
As seen in figure 4(B), the maximum of the second derivative positive peak is largely not sensitive to
phase composition. Also, one notices that the stability of the base line of the spectra. Probably the most
important point is that when two phases of the same semiconductor are present, each having a different
electronic transitions, n, the Tauc equation cannot be applied.

Derivative-based methods offer further insight. While the first-derivative approach often identifies
inflection points located above the true band edge and therefore overestimate the band-gap energy [39],
it is useful for distinguishing multiple absorption onsets and, consequently, different phases, as shown in
this work, with different electronic transitions within the same material. The second-derivative method
emphasizes subtle changes in absorption curvature and enables a more direct identification of band-edge
transitions, reducing subjectivity associated with the selection of linear fitting regions.

The applicability of these methods also depends on the dimensionality of the material. For layered or
two-dimensional systems such as graphitic carbon nitride (g-C₃N₄), quantum confinement effects [40],
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altered density of states near the band edges, and enhanced excitonic contributions may invalidate the
assumptions underlying conventional Tauc analysis, which is derived for bulk semiconductors with para-
bolic band dispersions. Consequently, band-gap values obtained from Tauc plots for two-dimensional
g-C₃N₄ nanosheets should be regarded as effective optical gaps rather than strict electronic band gaps. In
this context, derivative-based approaches provide a more robust comparative tool for identifying relative
shifts in absorption onset and phase-related features.

Overall, while graphical methods based on UV–Vis DRS remain valuable for comparative analysis,
their limitations must be acknowledged. Combining derivative-based techniques with structural and
spectroscopic characterization is still needed for reliable interpretation of optical transitions, particularly
in complex, mixed-phase, doped, or low-dimensional semiconductor systems.

5. Conclusions

The absorbance of TiO2 samples containing different proportions of anatase and rutile phases was stud-
ied in this work in order to directly obtain their band gap energies without the need to use Tauc plots.
This is because the Tauc method requires the use of n (the energy transition) in a single plot and this
is not possible when two phases are present in a given semiconductor. Anatase has an indirect band gap
energy (n = 2) and rutile has a direct band gap energy (n = 1/2).

The first derivative of the absorbance (dA/dλ) was found to provide a phase-composition largely
similar to that obtained from XRD analysis. Furthermore, the positive peak of the second derivative,
d2A/dλ2, yielded band gap energies for both phases when present simultaneously, and these values that
did not shift with changes in phase composition.

Additional semiconductors were also examined (ZnO and g-C3N4), and their band gap energies were
successfully extracted using the second derivative approach.

Overall, the second derivative method, offers a practical means of estimating the band gap energy
without prior knowledge of whether the transition is direct or indirect. This approach is therefore par-
ticularly useful for mixed-phase semiconductors, where an estimate of the phase composition and extrac-
tion of the band gap energy can be obtained from the same UV–Vis measurement.
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