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ABSTRACT: Mixtures of metal oxides pose unique challenges for independent
measurement of bandgap energies of each phase present. A facile technique with such a
capability that can also determine the composition of the mixture would be of interest in
industrial applications and academic research. UV—vis spectroscopy has several benefits
among characterization techniques, including fast data collection, short training time for
users, including safety training, and the ability to perform consistent quantitative analysis
in continuous operation. Here we modify the derivative peak fitting of the diffuse
reflectance UV—vis spectroscopy (DPR) technique by implementing the exponentially
modified Gaussian (EMG) as a fitting model. With EMG, the applicability of the DPR
method was extended to additional metal oxides, including all three common phases of
titania and other semiconducting metal oxides commonly used in catalysis and ol A
photocatalysis: CeO,, ZnO, Sn0O,, V,05, MoO;, Y,0;, Ta,0s5, and Nb,Os. This is due <
to the similarity between the distribution of electronic excitation by the UV—vis photon

and the EMG function. Using EMG, the DPR method was used to calculate the “effective” bandgap energy of each metal oxide phase
in binary and ternary mixtures of powders and to quantify phase composition. A response factor for each metal oxide studied relative
to anatase TiO, is reported as a calibration method and demonstrated to be reusable, even in ternary mixtures.

uopeuwsaiag defpueg
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1. INTRODUCTION

Metal oxides are one of the most essential classes of
heterogeneous catalysts for a wide range of chemical processes,
applied in refining, petrochemical, and photocatalytic pro-
cesses. Early transitional metal oxides such as vanadia (V,05),
niobia (Nb,0;), tantalum oxide, and molybdena (MoO3) have
useful redox properties for oxidative reactions.'~® Metal oxides
with strong Lewis acid sites such as molybdenum oxide and
tungsten oxide (WO;) are useful in dehydration reactions.’”
Despite their lack of strong reactivity in conventional chemical
reactions, titanium oxide (TiO,) and cerium oxide are
thermally stable and can be synthesized to achieve a tunable
morphology, small crystallite structures, and high surface
area.”® As a result, these metal oxides are commonly used as
metal oxide supports in many catalyst systems. In the field of
photocatalysis, semiconducting metal oxides such as titanium
oxide, zinc oxide, and cerium oxide have emerged as promising
materials because of their narrow bandgap.””'' Many
candidates in this oxide class not only performed interesting
chemical or physical properties but also are generally benign to
both the environment and human health and thus have been
gaining even more interest in academic and industrial research.

The significant role of metal oxides has led to numerous
studies regarding characterization techniques by which the

© XXXX American Chemical Society

<7 ACS Publications

intrinsic structural properties of these oxides could be
effectively determined and distinguished. Of the available
characterization techniques for solids, UV—vis spectroscopy
has provided a great insight into general electronic structures
of materials through their electronic excitation phenomena.
The position of an absorption band from UV—vis spectra can
be utilized to obtain information about the electronic structure
of solid compositional phases. This information can be used to
identify the presence of metals or metal oxides and their
oxidation states in the solid phase. Among the important
features of metal oxides provided by UV—vis spectroscopy are
the band edge positions of the conduction and valence bands,
as well as the bandgap energy between them, which are of great
interest for electrical, electronic, and photocatalytic applica-
tions.

A simple analysis technique for diffuse reflectance UV—vis
spectra was developed and justified by Tauc to estimate the
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bandgap energy for thin film semiconductors.'” Although this
method is applicable in the case of many semiconductor
powders, several evident limitations can be recognized. Not all
the required assumptions of the method may hold for
semiconductor powders prepared with complex composition
or morphology. While bandgap energy values for the common
polymorphs of TiO, anatase and rutile have been determined
with general consensus to be 3.20 and 3.03 eV,'*'*
respectively, reported band%a;p energies of other metal oxide
powders show variation.'””"” This deviation may arise from
the effect of synthesis methods, which result in different
morphologies or particle sizes. However, the bandgap variation
from the Tauc analysis method could also be a result of the
subjectivity when applying the method. Moreover, since the
Tauc method was originally devised for thin films comprising a
single pure material phase, the method is unable to distinguish
individual bandgap energies of each component solid in a
mixture, giving only a single apparent overall value instead.

We introduced derivative peak fitting of diffuse reflectance
spectra analysis (DPR) as an alternative method in the
determination of bandgap energy of semiconductor mixtures."®
Implementation of this method on anatase and rutile
polymorphs of titania powder exemplified the advantage of
the method in reducing the subjective error and experimental
deviation. Likewise, it was illustrated that when anatase and
rutile phases were mixed, the DPR method could not only
effectively identify the presence of each phase but also quantify
the compositional phase of this mixture, in both ex-situ and in-
situ conditions, while also reporting the bandgap energies of
the anatase and rutile phases independently.'® Measuring the
bandgap energies of each phase in well-known mixtures of
anatase and rutile such as P25 is otherwise a challenging task,
with many reports citing just a single “combined” bandgap
energy instead, with little connection to the actual electronic
structure of the underlying materials.

Acknowledging the significant role of metal oxides in many
fields of relevance in renewable and alternative energy and the
necessity for quick and accurate electronic structure character-
ization as well as compositional quantification for this class of
materials, the main objective of this work was to demonstrate
the broad applicability of the DPR method by studying more
semiconducting metal oxides and relevant mixtures, including
brookite TiO,, CeO,, ZnO, Sn0,, V,05, MoO3;, Y,0;, Ta,0s,
and Nb,0;. This was accomplished by introducing the
exponentially modified Gaussian (EMG) fitting function,
which is a better fit to the distribution of electronic states in
all metal oxides compared to the Gaussian fits used previously.
A set of calibration coefficients of various metal oxides relative
to anatase TiO,, which are intrinsic properties of each material,
is provided to quantify these semiconductors in any given
UV—vis spectrometer.

2. EXPERIMENTAL METHODS

2.1. Materials and Sample Preparation. Powdered
metal oxide materials were obtained from Thermo Fisher,
including anatase TiO, (AA3995314), rutile TiO,
(AC270461000), brookite TiO, (50-186-2498), CeO,
(AA12925A3), ZnO (AAA161880I), SnO, (AA12283A3),
V,0, (AA11093A1), MoO, (AA3668736), Y,O0,
(AA4428618), Ta,0 (AA1470918), Nb,O, (AA11365A3),
and CuO (AC405860250). Degussa P25 TiO, (Lot:
613020598) was obtained from Evonik. Binary and ternary
mixtures of these powdered metal oxides were made by using

nominal weight percentages. Each pure material was ground
mildly with an agate mortar and pestle to achieve similar
agglomerate particle sizes. Mixtures were prepared from
ground pure materials and stored in 10 mL vials with the
total mass of each mixture to be approximately 5-7 g.
Mixtures in the vials are then mixed using a vortex mixer,
Vortex Genie 2, under Touch Mode at fixed power level § for
approximately 10 min to produce a homogeneous composition
distribution in the powder.

2.2, UV-Visible Spectroscopy. Samples were loosely
loaded into a 0.022 mL micro sample cup for spectral analysis,
and excess powder was scraped off to ensure a filled sample
cup and a flat surface. Diffuse reflectance UV-—visible
spectroscopy was carried out on a Thermo Scientific Evolution
3000 spectrophotometer equipped with a Harrick Scientific
Praying Mantis diffuse reflectance accessory. Spectra were
scanned between 190 and 1100 nm in intervals of either 0.5 or
2.0 nm. The absolute reflectance standard was collected using a
Spectralon disk.

2.3. Derivative Peak Fitting of Diffuse Reflectance
Spectra. In this study, raw data in the form of absolute
reflectance R, was used to calculated spectral intensity as the

derivative % of absolute reflectance with respect to
wavelength 4 (nm)

dR, _ Reoj = Reojyy

da A=Ay

and then imported into Fityk software'” for peak deconvolu-
tion. The exponentially modified Gaussian distribution
function was implemented as a fitting function. Preservation
of physical meaning in the peak fitting procedure enforced the
compliance of a fitting principle, in which each peak added into
the function list should correspond to a component semi-
conductor in the examined powder. Minimization of error by
the Levenberg—Marquardt method was used for the fitting
process. Peak characteristics, including peak position, half-
width at halfmaximum, and skewness, were used for phase
identification. The peak position corresponds to the bandgap
energy of a given material.

The area under an obtained deconvoluted peak could be
considered as a representation of the total amount of excited
electrons from a specific component phase in the oxide.”” In
other words, the component peak area has a strong correlation
with the mass fraction of component oxide in a mixture. It is
reasonable to assume that each oxide phase would respond
distinctly, thus exhibiting an intrinsic absolute response factor
(ARF). Although this intrinsic absolute response factor could
not be determined individually, the ratio of ARFs from 2
materials could still be determined and utilized in composi-
tional phase determination, as shown in the equation

wt %& molA-MWA
100  mol,-MW, + moly-MWj
PA,
ARE, A
= A,

PA,
ARFALII Va + ARFBLL 'B
PA,-RRE-MW,

PA,-RRF-MW, + PAy-MW,

where wt % is the weight percentage of corresponding
component, PA is the peak area under the curve representing
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corresponding component, MW is the molecular weight of the
corresponding component, ARF and RRF are the absolute and
relative responding factor of the components in the mixture,
and A, B represent the component metal oxides in a binary
mixture. From this argument, calibration lines were con-
structed by utilizing the concept of binary relative response

factors (RRF). The RRF ( = ﬁ) for each binary mixture

was determined through linear regression in which R* was
maximized.

3. RESULTS AND DISCUSSION

3.1. Revision of Tauc Method. As first reported by
Urbach,”' many crystalline metal oxides exhibit an exponential
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Figure 1. Tauc plot of the diffuse reflectance UV—vis spectrum of (a)
pure cerium oxide, (b) molybdenum oxide, and (c) P25, using r = 1/2
for a direct allowed transition. The Tauc line, determining the
bandgap energy position of (a) 3.18, (b) 2.95, and (c) 3.3 eV. As P25
is a mixture of metal oxides, the Tauc method gives only a single
bandgap energy.
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Figure 2. (a) Fitting one Gaussian function to the derivative spectrum
of cerium oxide. The peak center is at 405 nm (3.06 eV). (b) Fitting
two Gaussian functions to the derivative spectrum of cerium oxide
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Figure 3. Carrier density as a function of energy in a typical
semiconductor. The electron density n(E) is the product of both the
probability of occupancy f(E) and the density of states g(E), leading
to a typical skewed distribution function.

increase in light absorption with photon energy near their
absorption edge. Some theoretical models™ > have been
developed to fit experimental data and gain a conceptual
understanding of this so-called Urbach tail of the absorption
coefficient a, which was cast in the form

a = A explo(hw — hw,)/kgT]

where fiw is the photon energy, kg is the Boltzmann constant,
T is the temperature, A and fiw, are constants, and o is a
measure of the absorption curve’s steepness.

Complex contributions to the shape of the Urbach tail were
attributed®®”” to disordering due to temperature, structure,
and composition. These distortions manipulate the distribution
of density of states (DOS) at the tail of the valence band and
electrons located within this region, giving rise to diverse
shapes of absorption spectra.

It was observed by Tauc'” that the absorption tail of thin
film amorphous germanium exhibited Gaussian behavior,
which was interpreted as the excitation of electrons within
localized states rather than the transition between valence and
conduction band. This interpretation implies that the onset of
absorption from the excitation measurement should not be
taken as the bandgap energy. Assuming band structure follows
parabolic shapes and has extrema at the I" point of the
Brillouin zone, the scale of absorption represented by the
imaginary part of the dielectric coefficient &, in the regime of
bandgap energy (E,) could be obtained as

w’e, ~ (hw — Eg)2

From this scaling, determination of minimum direct transition
between valence band and conduction band was methodized
by plotting (Awa)'’* versus fiw, in which a is the absorption
coefficient, and finding the y-interception of tangent line of
(hwa)'/?. The Tauc method was also extended for allowed
indirect transition”® and other types of transitions”™*® by
modifying the scaling of fiwa in order to identify the linear
region of (hwa)''™.

In this work, the representation of (Awa)'/", Tauc'/"(E),

was calculated as a scale of the product of the Kubelka—Munk
function F(R,,) and its corresponding photon energy E(4).

Tauc'/"(E) = (F(R)E(A))"'"

The touching point of the tangent line and Tauc'/"(E) was
d(Tauc""(E))

found by locating the maximum of numerical =

which can be calculated as

d(Tauc/"(E)) _ (F(RG)E(M))'™ = (F(RL)E(M)"™
dE - Ex’+i - E;

where F(R), and E, represent the Kubelka—Munk function and
photon energy at wavelength i.
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Table 1. EMG Peak Parameters of Pure Materials

peak position DPR BGE Tauc BGE HWHM of high-energy tail  RT of low-energy tail

metal oxide (nm) (eV) (eV) ref BGE (eV) (c*/2) (1/4) skewness
TiO, (anatase) 372 3.33 325 3T 5.78 10.00 10.36
TiO, (rutile) 400 3.09 3.14 3.03" 4.35 6.67 7.20
TiO, 364 341 3.33 327% 3.94 12.50 63.86

(brookite)
CeO, 382 324 3.18 3.36%° 116 33.33 47.46
Zn0O 381 3.26 3.21 337N 1.71 7.14 145.40
Cu0 866 1.43 124 1.295061 165 20.00 3.56
Sn0, 310 3.99 3.73 36552 3% 5.77 20.00 83.29
V,0,4 518 24 223 o i 9.9 20.00 16.49
MoO, 406 3.06 2.95 3.01-3.24,7 14 1.00 0.00

3.14-3.34%

Nb,O5 396 3.13 3.02 3.08-3.2% 6.42 1111 10.37
Ta,0; 305 4.06 391 39,5 4% 3.99 8.33 1821
Y,0, 218 5.68 5.64 5.8, 6% 1.44 2.50 10.17

Table 2. Parameters of Peak Deconvolution for Mixtures of
Anatase TiO; and MoO;

bandgap energies. Such mismatch in the literature could be

seen in a wide range of common used materials, such as
33-36

amorphous silicon,>"** zinc oxide and molybdenum
4 (o) 2 1/2 s : ’ v
oxide.
anatase anatase anatase ici i
TIO, MO, TiO, MoO, TOy  MoOs 3.2. Bewsmn of Reported Stepwise Methods to
0 . : Determine Bandgap Energy. In an attempt to amend the
i e #a T "< e o stepwise application of the Tauc method, Viezbicke'® and then
25% TiO, 363 405 4.84 147 10.0 1.00 30 s 5 :
) Coulter™ suggested to linearize the Tauc curve in the region of
40% TiO, 366 405 5.25 144 10.0 1.00 < i i .
i band-to-band transition before fitting the tangent line. A new
50% TiO, 368 405 5.15 14.7 9.09 1.00 ci #
SR g g <ty e q01 g concept, dubbed as the near-edge absorptivity ratio (NEAR),
2 - - - . < ;
75% TiO, 268 P 7% 40 754 0 was also mtroducec!, which could then be used .to e‘valuate the
90% TiO, 368 40§ 575 i 833 e accuracy of determined bandgap and the contribution of sub-

Application of the Tauc method in determination of
bandgap energy appears to be conveniently applicable without
implementing cumbersome calculations; however, common
semiconductors used in material industry do not strictly follow
this approximation. In other words, the linear region on the

curve of (Tauc)'/" is not always obviously observed. The
pronounced manifestation of an Urbach tail on the absorption

in the low energy tail significantly affects the shape of (fiwa)'’"

As shown in Figure lab, the Tauc line could not perfectly
touch the curve due to the Urbach effect. This difficulty
hinders strict application, limiting the sensitivity of the Tauc
method and potentially resulting in discrepancies in reported

band excitation. This analysis procedure renders a justification
in fitting a tangent line to the Tauc curve and results in a more
consistent bandgap energy. Linearization, while narrowing
down the deviation in bandgap energy determination,
coincidentally removes absorption features when they are
localized in the linearized regime. Even if the Tauc curve is not
linearized, differences between single- and multiphase materials
could hardly be captured using the Tauc method. This missing
information can be seen in Figure 1c, in which bandgap energy
obtained from Tauc analysis did not reflect the existence of
two different phases of TiO, in the material and could have led
to a false interpretation that the long tail in the low-energy side
was caused due to the Urbach effect as the crystalline structure
was perturbed. Later on, recognizing the challenges in
obtaining the bandgap energy for materials with multiple

Raw dR/dx (c) Raw dR/dA (d)
—— EMG fitting for CeO, —— EMG fitting for ZnO

3 =
5 &
=< =
-

@ 2
- =l

T,‘d' — T T T T T ':I ‘-.l'l" T T T T "."; = I.‘.."‘».”I
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Figure 4. DPR with EMG fitting of some pure materials: (a) anatase TiO,, (b) brookite TiO,, (c) cerium oxide, and (d) zinc oxide. Parameters

obtained are listed in Table 1.
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Figure 5. Peak deconvolution of anatase TiO, and MoO; mixtures with EMG function with nominal weight percents of TiO, of (a) 10%, (b) 25%,

(c) 40%, (d) 50%, (e) 60%, (f) 75%, and (g) 90%.
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Figure 6. Calculated weight percentage, obtained from regressed RRF
= 0.8, versus nominal weight percentage of anatase TiO, in binary
mixture with MoO;.

features such as P25, efforts were made by Welter et al.'” to
compare the consistency and accuracy of the linearization in
the transition energy range of different commonly used

graphical analysis techniques. Welter'” concluded that in
combination with a baseline correction, the linearization of the
raw absorption plot, Kubelka—Munk/modified Kubelka—
Munk plot, or Tauc plot can provide a more consistent
bandgap value; however, the knowledge regarding transition
type is still needed in advance, and different features from
mixture components are completely ignored. Another recent
significant attempt to propose a unified methodology for
bandgap energy determination was made by Zanatta.'® The
proposal suggested that the optical absorption coefficient,
calculated from transmission/reflectance spectra, is fitted with
the sigmoid-Boltzmann function before the bandgap energy
can be determined from a simple formula. Although the
justification for this fitting is purely empirical, the resulting
bandgap values are greatly consistent with expected values with
very low variance. This method also can provide some
information regarding the disorder (order) of the material
when Raman data are also available. Beside having the same
drawback as other reported methods when being used for
mixtures or materials with multiple features, this method also
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Figure 7. Peak deconvolution of anatase TiO, and ZnO mixtures with EMG function with nominal weight percent of TiO,: (a) 12%, (b) 25%, (c)
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Table 3. Relative Response Factor of Binary Mixtures of
Metal Oxides with Respect to Anatase TiO,

metal oxide mixture with anatase relative response with respect to anatase

suffers from the fitting point of view. Since the high-energy
region of the absorption coefficient is usually irregular and
noisy,'® the criteria for fitting process using sigmoid-
Boltzmann are considerably subjective, thus possibly leading

TiO, Ti0,
TiO, (rutile) 1.04 to human errors. The sensitivity of UV—vis spectra analysis
TiO, (brookite) 342 could be improved by taking the first derivative of raw spectra
CeO, 16 data. We previously presented the DPR method,'® where the
Zn0O 82 bandgap energies of anatase and rutile could be measured
Sn0, 0.18 independently in the same sample of P25. Furthermore, the
V,0;4 7.7 area under the deconvoluted derivative peaks represented the
Mo0; 08 relative concentrations of the component solids in the mixture
Nb,Os 1.36 and were used to quantify composition. The technique was
Ta,05 0.036 successfully implemented in sifu during sample calcination and
Y,0, 0.065 was used to track the onset of rutilization in the sample with
temperature. Component identification in the DPR technique
as reported had two assumptions: (1) peak deconvolution can
100 70
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Figure 8. Raw reflectance spectra for 50%—50% mixtures of (a) anatase TiO, and V,0O;, (b) anatase TiO, and MoO;, and (c) V,0; and MoOj. I:

anatase TiO,. II: MoO;. III: V,0;.
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Figure 9. Ternary mixture of anatase TiO,, MoO;, and V,0; with different weight percentages (%TiO,—%MoO;—%V,0;): (a) 11%—86%—23%,

(b) 11%—84%—5%, and (c) 12%—77%—11%.

Table 4. Results of Phase Quantification Using DPR on
Ternary Mixtures

anatase TiO, MoO; V50,
nominal DPR. nominal DPR nominal DPR
sample wt % wt % wt % wt % wt % wt %
1 11 14 86 80 3 6
2 11 14 84 76 5 10
3 12 15 77 69 11 16

be carried out by fitting Gaussian peaks so that each peak
represents one (1) crystalline phase in the mixture, and (2) the
peak position could correspond to the bandgap energy of the
pure component. While the first assumption appears to hold
for the case of anatase and rutile TiO,, several other materials

seem not to follow. Figure 2a demonstrates a significant
deviation between a single Gaussian function and the
derivative spectrum of cerium oxide, and the peak maximum
of the fitted function does not match the apparent maximum of
the sample data. The low-energy tail extends further compared
to the high-energy tail as well While the fitting can be
improved by adding additional Gaussian peaks, as shown in
Figure 2b, now the second assumption would be violated since
one pure material requires two distinct peaks, one of which has
drastically different apparent bandgap energy. This violation
eliminates the possibility of crystalline phase identification
using a simple Gaussian function for cerium oxide.

3.3. EMG Function Fitting and Its Justification. The
formula®” for estimating the distribution or density of free
electrons with respect to energy level:

N-1 pairs
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Figure 10. Stepwise technique of DPR quantification for mixtures of semiconductors.
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Acknowledging that the probability of occupancy f(E) obeys
the Fermi—Dirac distribution, the diverse electron distribution
of materials in band-to-band transitions is caused mainly due
to the unique band structure of these materials close to the
bandgap region.

Figure 3 illustrates the shape of the electron density per unit
energy as a result of the density of states and the corresponding
occupancy probability. The mentioned formula also implies
that the spectral intensity of excitation from a material due to
photoinduction is expected to be peak-like. To account for
various shapes of denmty of states and their effect in induced
radiation, Gillespie et al.* introduced a list of possible models
including monotonically decreasing models such as exponen-
tial, power law, and peak models, such as Gaussian, and its
combination with other functions. In these models, only the
Gaussian density of states combined with the Fermi—Dirac
distribution results in symmetric density of charge carriers
while others form a long tail in the low-energy regime. The
Gaussian model for density of states has been rigorously
derived for heavily doped semiconductors*' and then
successfuliy used for organic materials, as reported by Qi and
Wang * The model was based on the fact that the central-limit
theorem could be applied for both deep tail energy and long-
range disorder. However, Halperin and Lax* argued that
localization of states near the band edge change the underlying
physics of the absorption behavior resulting in a change of
scale for the absorption coefficient. Examples such as As,S;”
spectra from photoconductivity experiments or ZnO spectra
from electroreflectance™ experiments showed significant
asymmetry of the low-energy tail. The asymmetric peaks of
these materials had linear exponential behavior in the low-
energy tail. The gradual change Erom Gaussian to linear
exponential shape was shown by john through mathematical
consideration to be expectedly common among materials. This
hints at the form of a fitting function which should be flexible
enough to capture both the Gaussian behavior in the deep
energy tail and linear exponential behavior in the shallow
energy tail for the photoexcitation between valence and
conduction bands.

Herein, we propose the use of the exponentially modified
Gaussian distribution®® as an empirical fitting function for the
spectral intensity of photoexcited phenomena which, in the
scope of this study, is the derivative of UV—vis reflectance
spectra:

,u+;{o'2—x]

flx; A, p,0,4) =A erp[%(l}l + dot = Zx)] erfc[ s

where
2 o0
erfe(x) = 1 = erf(x) = — f,r exp(=2) d

EMG is the result of convolution between Gaussian and
exponential decay functions. Various forms of EMG have been
widely used in the field of gas ch:omatography '
determine the retention time and peak area corresponding to
different components in a gas mixture. Providing the
characteristics of the electron distribution, the form of EMG
was intentionally selected so that the exponential term only
exhibits itself in the higher value of x, which will then be the
wavelength in the fitting process. In the preceding expression,

H, 6> 0,and 4 > 0 are the peak position, variance of Gaussian
component (full width at half-maximum, FWHM), and rate of
exponential term (z = 1/1 is usually called relaxation time,
RT), respectively. The terminology relaxation time used in this
work came from the conventional use in chromatography and
mathematics and should be not be confused to relaxation time
in dynamics of inelastic vibration.*” The chosen form of the
EMG function has its peak fall on the side of Gaussian
component, and its skewness could be determined as

-3/2
3)13(1 + 1‘11) . As the I ratio approaches zero, the
a

function becomes asymptotically Gaussian.

Before moving into demonstrating applications of EMG
peak fitting for DPR, it is worth noticing that the first
derivative of diffuse reflectance spectra could be expected to
possess similar features to peaks in electroreflectance*” and
photo(:(Jl:ldl.tf:tivi!,'y""1 spectra in the vicinity of the bandgap
region. Excitons, for instance, are not electrically conductive
and are silent in the photoconductivity experiments and could
affect the absorption features in the UV—vis spectra. However,
near the edge of the density of states, the band-to-band
transition could still safely be assumed to dominate the
observed phenomena. Additionally, the focus of this study on
the derivative of the UV—vis spectrum originates from the 2-
fold advantage of this form. Taking derivatives of the
reflectance can considerably enhance the sensitivity of the
analysis especially for materials or mixtures with more subtler
features. Likewise, as quickly mentioned above, the peak-like
feature of each semiconductor can be described as the
distribution of electrons at different energy levels within the
valence band that are excited during the experiments. Such a
consideration lays the foundation for the use of peak area to
quantify the contribution of component semiconductors in the
mixture.

Last but not least, even though Kubelka—Munk function has
been widely used to analyze the UV—vis spectra, as the
function W developed to approximate the absorption
coefficient,” thls approximation, which is strictly a mathemat-
ical artifice,’® has been reported to fail when the materials
exhibit considerable absorbance at low energy. 354 In this
work, we elect the use of derivative of raw reflectance, which is
shown to provide comparable bandgap energies in the
literature,'” to leverage on the sensitivity enhancement by
the taking the derivative of the spectra without significantly
reduce the signal-to-noise ratio due to multiple mathematical
transformation.

3.4. DPR for Pure Materials. Table 1 summarizes the
parameters obtained from fitting an EMG function to each
pure material. In application of anatase and rutile TiO,,
Pennington'® mentioned that component identity in DPR
using a Gaussian function could be via peak position. Peaks of
metal oxides such as rutile TiO, (400 nm), Nb,O; (396 nm),
and MoO, (406 nm) or CeO, (382 nm) and ZnO (381 nm)
nevertheless are in proximity. Beside peak position y, the EMG
function provides the halfwidth at half maximum (HWHM)
of the high-energy tail (6%/2) and RT of the low-energy tail
(1/1) as two other parameters that are useful in peak
identification. These parameters, which lend sensitivity to the
method analysis, can be considered as a representation of the
particular band structure at the band edge of semiconductors.
These parameters of component semiconductors in mixtures
are supposed to be constant or negligibly deviating from those
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of pure components. This observation will be shown below in
this work.

It has been shown that peaks from photoconductivigy
experiments could be used to determine bandgap energy.”’
This quick technique was then verified” to give error within
0.1 eV compared to other techniques. Table 2 illustrates both
BGE determined from the Tauc method and BGE as peak
position (u) of EMG. Most of these values differ within 0.1 eV.
It is noticeable that BGE values obtained from DPR of UV—
visible spectroscopy seem to be larger than those found by
Tauc. Similar behavior was also observed previously when
absoggtion energy determined from photoconductivity anal-
ysis”>"" was compared to that from the Tauc method.
Extrapolation of a tangent line in the Tauc plot was meant
to find the highest valence band occupied by electrons that are
potentially photoinduced free charge carriers. This follows the
strict definition of bandgap energy in crystalline materials,
which shows use in the field of electronics. In comparison, the
peak from DPR of UV—vis spectroscopy or photoconductivity
could be interpreted as the energy level where electron density
is highest in reference to the conduction band. Also, there is an
efficiency for the incident photons to generate excitons from
the valence band. This implies that in the DPR analysis, the
peak-shape curve could be interpreted as the distribution of
excited electrons from different energy states in the valence
band with the peak position representing the effective bandgap
energy. As a result, the effective BGE determined by DPR
provides more suitable information for the field of photo-
catalysis.

Among the listed pure materials, brookite TiO,, CeO,, and
ZnO have the highest skewness values of 63.86, 47.46, and
145.40, respectively. As expected from DPR analysis using the
EMG function, shown in Figure 4, these materials exhibited
significantly asymmetric peaks. The strong effect of the
exponential behavior from the low-energy tail of these
materials was the cause of difficulties in finding the tangent
line while using the Tauc method. Furthermore, similar to the
Tauc method, DPR proved to be applicable regardless the
position of the bandgap position, such as CuO with 1.43 eV or
Y,0; with 5.68 eV, as long as it is within the range of UV—
visible to near-infrared red spectrum.

3.5. Component Quantification in Binary Mixtures.
Figure 5 demonstrates peak deconvolutions of DPR for
mixtures of anatase TiO, and MoO; with different component
concentrations. Peak identities, including peak position p,
HWHM of the Gaussian component (6?/2), and RT of the
exponential component (1/1), for these mixtures only varied
negligibly as listed in Table 2. The pairwise value of RRF was
obtained by minimizing the R* with pair RRF as parameter in
linear regression of calculated weight percentage on nominal
weight percentage as shown in Figure 6. For mixtures of
anatase TiO, and MoO; the RRF was found to be 0.8,
implying that the light absorption of MoO; was more intense
in these mixtures. The RRF value reported in this work for the
pair of anatase and rutile TiO, is 1.04, an update from the RRF
value reported using simple Gaussian functions.'® Besides, it is
important to note that although the characteristic fitting
parameters obtained from pure material analysis, in principle,
can be used to identify components in an arbitrary physical
mixture, changes in some physiochemical properties such as
morphologies or surface area might have some effects on those
fitting parameters that represent pure component metal oxides.
Previous work on the DPR method with Gaussian fitting

function'? has shown that the change of aggregate size by
grinding treatment, which was also used in our work, has a
negligible effect on the fitting process and identification of
components. Comprehensively tackling the effects of other
physiochemical properties would bring forth further applica-
tions of DPR analysis but would also require a separate
systematic investigation beyond the scope of this work.

It should be noted that for mixtures in which BGEs are in
proximity, the RT of the high-energy peak and/or HWHM of
the low-energy peak has to be fixed during deconvolution to
achieve reasonable values for the rest of the important peak
parameters. This requirement emerged as a trade-off for
flexibility of the EMG function. However, as one parameter
was fixed, other parameters were obtained spontaneously from
the fitting procedure. Peak deconvolution and linear regression
of DPR for binary mixtures of anatase TiO, and ZnO, as in
Figure 7, demonstrated the capability of the technique to
identify vicinal peaks. A similar analysis technique was applied
to other binary mixtures in which anatase TiO, was one of the
components; pairwise RRF values are reported in Table 3.

In different environments, the response factors of a single
semiconductor could be significantly different. As demon-
strated by Figure 8, raw data were collected as reflectance
percentage. The magnitude of change of reflectance in the
bandgap energy region of a component directly corresponds to
the area of its representative peak after taking the first
derivative. It could be observed that for binary mixtures (I and
1), in the peak region of component I, its reflectance is
affected by its own light absorption and component II's
absorption, and vice versa. This light reflectance response
interaction was manifested in the percentage of component
peaks in such a way that at 50%—50% (wt %—wt %) mixture,
the peak area ratio is no more than 1:1. Introducing pairwise
relative response factors could resolve this problem. However,
as stated, in order to determine compositions in pairs of
semiconductors (i and j), the effect of absorption of i in the
peak region of j relative to the effect of absorption of j in the
peak region of i has to be known. In other words, for a system
of three semiconductors, by using relative response factors of
two pairs (TiO, and V,0¢; TiO, and MoO3), one is not able
to obtain the relative response factor of the last pair (MoO;
and V,05).

RREv50,/ana-Tio,
RRE; 0, /Ana-TiO,

This problem could be attributed to the loss of information
since the raw percentage of reflectance does not provide
enough information to derive an absolute response factor for
pure materials. However, it could be reasoned that when a
material A with significantly high response factors is only
present in a small amount, compared to other materials (B,, B,,
...) with low response factors, the aforementioned interaction
between RRFyp 5, RRFy, s, ... could be neglected. As a result,

available RRF values with respect to the materials, having the
highest response factor, could be used to quantify phase
components.

3.6. Component Quantification in Ternary Mixtures.
Ternary mixtures of metal oxides of anatase TiO,, MoO;, and
V,0; were also made and compositionally quantified by using
DPR with previously found pairwise RRF values. Figure 9 and
Table 4 show the results of applying DPR to ternary mixtures.
Since peaks representing components in mixtures hold the
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same peak parameters as pure materials, each component
could be identified, and its composition could be estimated. In
the tested samples, vanadium oxide, which has the highest
response factor, only comprised a small amount and thus
satisfied the required premise for multicomponent quantifica-
tion process using the DPR method. By using relative response
factor of anatase and molybdenum with respect to vanadium,
composition of three metal oxide phases could be obtained.
This method showed very high sensitivity for those materials
with strong light response. It seemed that this analysis could be
extended to more components in higher-order mixtures with
acceptable accuracy if their peaks and relevant characteristics
could be identified. Figure 10 shows a stepwise method that
could be implemented as a code to quantify components in a
semiconductor mixture. After taking the first derivative of the
raw reflectance spectrum, the resulting data is deconvoluted
using EMG functions in such a way that each peak should carry
its parameters which match known pure component peaks with
some tolerance. Then, N — 1 pairwise response factors, in an
N-component mixture, could be used to find the mass or molar
ratio between each pair. The final weight or molar percentage
of each component could then be calculated from these
pairwise mass ratios.

4. CONCLUSIONS

DPR UV—vis spectroscopy with a Gaussian fitting function
was revised and modified by implementation of the EMG as a
fitting function and A as a function parameter to represent the
low-energy tail of the UV—vis spectra. Although the fitting
function was not mathematically derived from a theoretical
viewpoint, similarity between the asymmetric energy distribu-
tion of electronic excitation and the EMG function was
demonstrated from a physical perspective.

Application of the DPR method with the EMG fitting
function in bandgap energy determination extended the
applicability of the method to all phases of titanium oxide
and many catalytically interesting materials including CeO,,
Zn0O, Sn0,, V,05, M00j3, Y,03, Ta,05, and Nb,Os. The DPR
method showed a low susceptibility to subjective error and
decent sensitivity, which offered an identification method for
individual component materials via peak characteristics,
intrinsically belonging to distinct metal oxide phases, in
various mixtures. Response factors, which could be generally
applied to quantify metal oxide composition, irrespective of the
specific UV—vis spectrometer, were collected. Generalization
of the DPR UV—vis phase quantification for ternary mixtures
was demonstrated to be feasible by using response factors
obtained from binary mixtures.
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