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Abstract: Photocatalysis is expected to solve both energy
and environmental problems at the same time. Photocatalysis
technology has received increasing attention, and systematically
understanding the reaction mechanism of the photocatalytic
process is very important for better utilization of solar energy.
With the aim of establishing property-performance relationships
and discovering the reaction mechanisms, several characteriza-
tion techniques have been adopted to evaluate the properties of
semiconductor photocatalysts, such as UV-visible absorption
spectroscopy, photoluminescence spectroscopy, Raman spectro-
scopy, electrochemical impedance spectroscopy, and cyclic vol-
tammetry. In this review, the principles and characteristics of
different characterization techniques are demonstrated with
concrete examples to give a clear picture and promote the
research of photocatalysis in the future.
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1 Introduction

In order to cope with the continuous spread of energy
shortage and environmental pollution, human beings have
to focus on developing and utilizing sustainable energy [1].
Because of its inexhaustible and clean peculiarities, solar
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energy has been considered the great potential to replace
traditional fossil fuels [2,3].

Photocatalysis is one of the most promising research
directions in the utilization of solar energy [4,5], and sun-
light could be used as the energy source to promote reac-
tions. As a milestone discovery in the 1970s, Fujima and
Honda introduced visible light into an electrochemical
water-splitting system and revealed that the introduced
light can promote the chemical reaction. It is worth men-
tioning that their work played a pioneering role and pro-
vided a powerful foundation for the research of other
researchers in the following decades [6-8]. Since then,
researchers on photocatalysis bloomed, and a lot of photo-
catalytic reactions such as water splitting, CO, reduction,
decomposition of inorganic/organic pollutants, and synth-
esis of fine chemicals have been studied deeply [9-11].

Nevertheless, photocatalytic systems generally suffer
from low light utilization efficiency because the mechanism
of photocatalysis is not thoroughly studied. In order to
improve the utilization of solar energy, a lot of work has
been done to make clear the reaction mechanism [12,13]. As
reported, the light absorption properties, structure, compo-
sition, charge transfer resistance, and separation efficiency
of photogenerated electron-hole pairs could affect the reac-
tion and these factors could be tested via optical properties
[14-19]. Even though UV-visible (UV-vis) absorption spec-
troscopy was discovered more than 100 years ago, it was not
commonly used due to the complicated operation as well as
the lack of understanding of the principle [20]. Until 1995,
the Kubelka—Munk equation was found to reflect the light
absorption performance of photocatalysts and characterize
the optical properties of photocatalysts. The formulation of
the Kubelka-Munk equation has set up a strong link to the
investigation and in-depth study of the optical properties of
semiconductor photocatalysts [21]. After that, researchers
can determine the type of semiconductor catalysts and the
position of flat band potential by the Mott—Schottky plot [22].
In 2000, the photocurrent technique entered people’s vision,
and it is now widely used to test the transfer ability of
photogenerated electrons [23]. In Scheme 1, the semiconductor
photocatalyst characterization techniques are usually carried
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Scheme 1: Characterization techniques of semiconductor photocatalysts.

out including UV-vis absorption spectroscopy, photolumines-
cence spectroscopy (PL spectroscopy), Raman spectroscopy,
electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV), and linear sweep voltammetry (LSV).

Zhang et al. [24] provide an overview of the current
state-of-the-art preparation methods and characterization
techniques for diatomic catalysts (DACs). The authors use
the characterization techniques to determine the active
center, the bond energy, electron transfer number, bond
length, and other parameters of the diatoms at different
adsorption sites; the most favorable adsorption sites can be
determined by comparing them with the experimental
data, which provides a theoretical basis for the preparation
of new efficient and stable DACs. Besides, Ali et al. [25]
summarized the relevant characterization techniques of
iridium nanoparticle catalysts, such as transmission elec-
tron microscopy, scanning electron microscopy (SEM),
X-ray diffraction, Fourier transform infrared spectroscopy,
and other characterization techniques, to obtain the proper-
ties of the iridium catalysts such as the structures, phases,
and functional groups, which can promote further develop-
ment of the iridium catalysts. Luo et al. [26] focus on a
review of advanced characterization techniques for the
structure and photocatalytic properties of TiO,-based mate-
rials, leading to the design of novel photocatalysts with high
solar energy conversion efficiency. Moreover, Jandky et al.
[27] summarized the photoinduced interaction at the semi-
conductor interface and explored the specific surface area,
carrier mobility, and charge transfer kinetics of the photo-
catalyst through some characterization. Zhang et al. [28]
focus on evaluating the physical properties and chemical
composition of semiconductor catalysts and the band struc-
ture through characterization techniques.

Therefore, in this article, the main characterization
techniques of semiconductor photocatalysts are reviewed,
and the principle and the use are elaborated in detail,
which could help newcomers quickly understand the basic
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principles and functions of these characterization techniques.
In addition, for people can understand these characterization
techniques more intuitively and systemically, various charac-
terization techniques of semiconductor photocatalysts are
supplemented by examples. Importantly, on the basis of sum-
marizing the information obtained by various characteriza-
tion techniques, the performance—performance relationship
and reaction mechanism are revealed, so that researchers
can regulate the most suitable reaction conditions and pre-
pare excellent semiconductor photocatalysts. In conclu-
sion, by summarizing the characterization technology
and mechanism of photocatalysis, this article will effec-
tively help scientific researchers explore the mechanism
of semiconductor catalysts more deeply and also provide
useful guidance for the development of photocatalysis
technology and semiconductor.

2 Techniques for the
characterization of properties
of the semiconductor
photocatalysts

2.1 UV-vis absorption spectroscopy

It is accepted that UV-vis absorption spectroscopy takes
advantage of the electron transition in the photocatalyst
under light irradiation [29,30]. Chromophores are the struc-
tural systems in which molecules can absorb ultraviolet or
visible light. The type of electron transition varies with the
structure of the chromophores [31,32]. Therefore, different
chromophore structures in the photocatalysts lead to dispa-
rate types of electronic transitions [33-35]. Meanwhile, each mate-
rial exhibits a unique and fixed absorption peak at a specific
location in the UV-vis absorption spectra [21]. According to the
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position and intensity of the absorption peak, the structure infor-
mation of the semiconductor photocatalyst could be inferred [20].

UV-vis absorption spectroscopy could be used to char-
acterize the ability of catalysts to harvest UV light and
visible light [36]. For example, He et al. prepared the Cu/ZnO
catalyst for photocatalytic CO, hydrogenation, where pure
Cu and ZnO were used as reference catalysts [37]. Cu and
ZnO were studied on the UV-vis spectrophotometer (UV-
2600, Shimadsu, Japan) equipped with a photometric inte-
grating sphere. As can be seen from Figure 1(a), ZnO exhibits
a strong absorption peak in the range from 200 to 500 nm,
and the maximum absorption peak is 372 nm, indicating that
Zn0 can absorb UV light effectively, but cannot absorb
visible light. The Cu/ZnO catalyst has two absorption peaks
at 387.5 and 578.6 nm, corresponding to the absorption of
Zn0 and plasma Cu, respectively. The absorption peak area
of Cu was obviously lower than that of Cu/ZnO. The larger
absorption peak area means that more light was absorbed
over the photocatalyst. Therefore, it proved that the struc-
ture information of photocatalysts can be calculated according
to the position and intensity of the absorption peak. The
results in Figure 1(a) indicated that the Cu/ZnO catalyst could
absorb UV and visible light, and the strongest light absorp-
tion capacity was also illustrated. During photocatalytic CO,
hydrogenation reaction under UV-vis light irradiation, the
electrons excited by plasmonic Cu and semiconductor ZnO
accelerated the pyrolysis of H, and the adsorption of CO,,
which promoted the catalytic reaction. As shown in Figure
1(b), the yield of CH, over the Cu/ZnO catalyst was signifi-
cantly increased under light illumination.

UV-vis absorption spectroscopy could also be used to
calculate semiconductor band gap width via the Tauc equa-
tion (also known as the Tauc Plot method, Eq. 1), which
plays a practical role in measuring the conductivity of
semiconductors [38].
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(ahv)¥m = B(hv - Ey) (60}

In Eq. 1, hv for the photon energy, a for the absorption
index, h for Planck constant (h = 413567 x 10" eV's), v for the
frequency, B for the proportional constant, and E, for the semi-
conductor band gap width. Exponent n is straightly connected
with the type of semiconductor, n = 1/2 for direct bandgap
semiconductor, while n = 2 for indirect bandgap semiconductor.

Specific operation of this method is shown as follows.
First, (@hv)™ and hv are calculated. ¢ means the speed of
light (c = 3.0 x 108 m's™) and A means the wavelength of
light in the formula of v = ¢/A. In general, a = 2.303 x A/d,
where A is the absorbance, which can be measured by
spectrophotometer. For liquid, d is the thickness of the
colorimeter; for solid, d is the thickness of the film; and
for powder, d is the thickness of the powder tablet. Then,
we can plot (ahv)’™ with respect to hv (hv is the x-coordi-
nate, (ahv)"" is the y-coordinate), and a curve approximating
a straight line is obtained. After that, the straight-line part of
the graph is extrapolated to the x-axis, where the intersec-
tion is the band gap value. There is another easy way to
calculate the band gap width of semiconductors [39,40].
The fundamental theory is that the band edge wavelength
of semiconductor (also named absorption threshold, 4,) is
determined by the band gap width E,. The Eq. 2 shows the
quantitative connection of above two parameters.

Eg(eV) = hv = h/k x c/A = [6.63 x 107 J-s]/[1.6
x 1079 J- eV x [3 x 107 nm - s71]/ 2
A =1,240/Ag(nm)
On the curve of the absorption spectrum, a tangent
line is made along the point where the curve changed
the most, and the intersection of the tangent line and

X-axis is recorded as Ag, and then Eq. 2 is used to calculate
the band gap E,.
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Figure 1: (a) UV-vis absorption spectra of the prepared catalysts; (b) yields of CH,4 and CO over Cu/ZnO catalyst in photocatalytic CO, hydrogenation

reaction [37].
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A typical example for the calculation of band gap
width from UV-vis absorption spectrum was provided by
Nor and Amin’s study [41]. The C-doped TiO, photocatalysts
with different C content were prepared for CO, reduction
reaction, and Eq. 1 was used to calculate the band gap. As
shown in Figure 2(a), the band gap of TiO, and 6C-TiO,
were obtained (TiO, and 6C-TiO, are direct band gap semi-
conductors, so n is equal to 1/2). Apparently, the band gap
of 6C-TiO, was narrowed from 3.37 to 3.10 eV (inset of
Figure 2(a)). The narrow band gap of 6C-TiO, is conducive
to the movement of photogenerated electrons, and the elec-
tron-hole has a high possibility of absorbing visible light. In
addition, the narrow band gap of 6C-TiO, helped to absorb
visible light, generating a huge visible light response in the
reaction process. As can be seen from Figure 2(b), com-
pared with pure TiO,, the yield of the target product
methanol was almost doubled over the 6C-TiO, catalyst.

2.2 UV-vis diffuse reflection spectroscopy
(UV-vis DRS)

UV-vis DRS can be used to characterize the light reflection
ability of a small number of powder photocatalysts [42,43].
Similar to UV-vis absorption spectroscopy, UV-vis DRS
also utilizes the electron transition of photocatalysts upon
light irradiation. It mainly takes advantage of the reflection
of light on the surface of a substance to obtain the informa-
tion of the semiconductor photocatalysts, which is closely
related to its electronic structure. In addition, compared
with the UV-vis absorption spectrum, the UV-vis DRS spec-
trum of the measured solution sample state is required.
These solution samples cannot be clarified, but rather sus-
pension or emulsion [44-46].
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Light would be reflected and scattered when it strikes
a solid surface. If the light causes specular reflection, the
magnitude of the angle of reflection is the same as the
magnitude of the angle of incidence. When light strikes
the surface of a powdered particle, some light is reflected
onto the surface of each particle [47,48] and other light is
refracted inside the surface particles. After part of absorp-
tion, the radiation would transfer to the internal grain
interface and then reflected, refracted and absorbed. It is
repeated many times and eventually reflected from the
powder surface in all directions, which is called diffuse
light. In addition, when the diffuse light passes through a
solid powder, if absorbed by the powder, the diffused light
is weakened, and there is a relationship between the wave-
length and intensity of the diffused light, resulting in a
diffuse spectrum [49-51].

UV-vis DRS depends on the physicochemical proper-
ties and color of the semiconductor photocatalyst surface,
so characterizing the optical properties of the semicon-
ductor photocatalyst is very useful. The Kubelka—Munk
equation (also known as the law of diffuse reflection, Eq.
3) is commonly used to describe the optical relationship on
a solid that can both absorb and reflect light [52,53].

K _(1- Ry

== 3
F(R=) S T ©)

Here, K is for the absorption coefficient, S for the scat-
tering coefficient, R.. for the reflectivity of an infinitely thick
sample, and F(R.) for the reductive of Kubelka—Munk
function.

Pascariu gave a representative example for the char-
acterization of optical properties of photocatalysts via UV-
vis DRS [54]. TiO, and Cu/TiO, nanocomposites (T400, TCul,
TCu2, TCu3, TCu4, and TCu5 were used to represent the cat-
alysts with Cuw/TiO, ratios of 0, 0.05 0.1, 05, 1, and 2,
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Figure 2: (a) UV-vis absorption spectra of TiO, and 6C-TiO,, with the inset displaying the Tauc plot for band gap recognition of TiO, and 6C-TiO;

(b) yield and quantum yield of methanol over the catalysts [41].
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Figure 3: UV-vis DRS spectra of TiO, (T400) and Cu/TiO, photocata-
lysts [54].

respectively) by electrostatic spinning calcination method.
From Figure 3, the photocatalyst without Cu doping (T400)
reflected more light than other catalysts and TCul exhibited
the least reflectance. It could be assumed that TCul possessed
better light absorption capacity than other catalysts. The
better light harvesting capacity of TCul made it the best cat-
alyst for the removal of amaranth dye from synthetic waste-
water, with a degradation efficiency of 99.84%. In addition,
the band gap width can be calculated by Eqgs. 1 and 3.

In order to give a better understanding of the usage of
UV-vis absorption spectrum and UV-vis DRS in the field of
photocatalysis, several examples in the last 3 years (as
shown in Table 1) are added. It is generally accepted that
a lower band gap could improve degradation efficiency.

2.3 PL spectroscopy

When the semiconductor is excited by light with a photon
energy greater than or equal to its band gap E,, electrons
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would be photoexcited and leave holes in the valence band
(VB) in the process of conveying from VB to conduction
band (CB). For semiconductor photocatalysts, their thick-
ness is small, so the absorption of photogenerated elec-
trons and holes by themselves is negligible. At the same
time, the electrons and holes generated in CB and VB on
semiconductor photocatalytic materials are still in none-
quilibrium state, and they will reach an equilibrium state
(quasi-equilibrium state) after a period of diffusion and
further recombination [58]. Partial of the electrons and
holes could be directly or indirectly captured by the defect
levels and holes, while some of the quasi-equilibrium elec-
trons and holes could recombine, and some electrons may
return from the excited state to the ground state under
photoexcitation. The captured, recombined, or returned
electrons and holes would emit light at different frequen-
cies and form the PL spectrum [59]. PL Spectroscopy is an
important method to evaluate the recombination of elec-
trons and holes of semiconductor photocatalysts. Generally,
higher PL strength will lead to a higher photoelectron-hole
pair recombination rate, which is not conducive to electron
transition in photocatalytic reactions [60]. Moreover, PL
spectroscopy could also provide significant information on
the optical and photochemical properties, electronic struc-
ture, and the potential defects in the interfacial region of
semiconductor photocatalysts [61].

Kumari et al. gave a representative demonstration of
the application of PL spectroscopy to describe the optical
properties of photocatalysts [62]. The h-BN-MoS, hetero-
structures (MoS, was uniformly distributed on hexagonal
boron nitride (h-BN) nanosheets) were prepared by hydro-
thermal method, and MoS, as well as h-BN were used as
references. According to Figure 4(a), h-BN and MoS, exhib-
ited wide emission bands in the wavelength ranges of
435-560 and 460-580 nm, respectively. h-BN-MoS, gave
the PL spectrum within the narrowest wavelength range.
Most importantly, the PL intensity of h-BN-MoS, was obser-
vably lower than those of the reference catalysts, proving
the better photoelectron-hole pair separation and photo-
electron transfer capacity. In other words, the higher the

Table 1: Examples of applications of UV-vis absorption spectroscopy or UV-vis DRS

Catalyst Absorption peak Synthesis method Band gap of catalysts Degradation Ref.
range efficiency (%)
rGO/Zn0O 274 and 376 nm Ecofriendly hydrothermal method  ZnO: 3.06 eV rGO/Zn0: 97 [55]
235eV
Zn-TiO, 400-700 nm Sol-gel method TiOy: 3.0 eV Zn-TiO,: 2.8 eV 99.64 [56]
MnMoO,/ 400-800 nm Coprecipitation and hydrothermal NiFe,04: 1.20 eV MNnMoO,/ 96 [57]

NiFe,04 routes

NiFe,0,4: 1.06 eV
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Figure 4: (a) PL Spectra of prepared catalysts. (b) Change of methanol yield over h-BN-MoS, with visible light irradiation time [62].

PL intensity, the higher the recombination rate of photo-
electron hole pairs. The highly efficient photoelectron-hole
pair separation and photoelectron transfer capacity of h-
BN-MoS,, together with its strong light-harvesting capacity,
endowed it with the best catalytic performance in photo-
catalytic CO, reduction into CH30H, with the maximum
yield toward methanol of 5,994 umol-g " (Figure 4(b)).

To further illustrate the application of PL spectroscopy
in the characterization of semiconductor photocatalysts,
several examples from the past 3 years have been supple-
mented (as shown in Table 2). The performance of the
examples can also be seen: the lower the PL intensity,
the lower the recombination rate of photoelectron-hole
pairs, and the stronger the capability of the photocatalysts.

2.4 Raman spectroscopy

Raman effect was reported by Raman in 1928 [65,66]. When
the material (gas, liquid, or transparent substance) is illu-
minated by monochromatic light whose wavelength is
much shorter than the common size of sample, a large
part of the light will be transferred along the direction of
the incident light, while a small number of the light will be
scattered at other angles to produce scattered light [67].
In the vertical direction, there are not only scattered
light owning the same frequency with the incident light,
but also a variety of symmetrically distributed extremely
weak Raman spectrum lines offset with the incident light
frequency. Generally, the frequency of the variable scattering
rays is lower than that of the incoming rays. Occasionally,
the frequency of the scattering rays is higher than that of the
incoming rays, while the intensity is weaker. Moreover, the
quantity, the displacement, and the length of Raman lines are

directly connected with the vibrational or rotational energy
level of the molecular structure of the material [68-70]. The
message of the vibration and rotation of molecules could be
obtained from the scattering spectrum with different fre-
quencies from the incident light [71,72].

Raman spectroscopy is often used to determine the
structure and electronic properties of solid semiconductor
photocatalysts. For a given semiconductor photocatalytic
material (doped semiconductor photocatalytic material,
semiconductor alloy photocatalyst, etc.), the effect of light,
namely the light wave vibration and optical phonon
displacement caused by light incident on semiconductor
photocatalyst, could be explained by Raman spectroscopy.
The general structural information of a given photocatalyst
can be obtained by a variety of Raman spectral lines. The
displacement of optical phonons also reflects the amount of
photogenerated charge carriers generated by the doping of
semiconductor photocatalysts. For example, Raman spectro-
scopy can be used to determine whether heterojunction struc-
tures are formed between the two components to further
understand the performance of the photocatalyst [73-75].

An effective help for understanding the properties of
photocatalysts via Raman spectroscopy was provided by
Hamad et al. [76]. The CuO@TiO, heterojunction nanocom-
posite catalyst was prepared, and the Raman spectra of
CuO@TiO, as well as the reference catalysts TiO, and
CuO are shown in Figure 5. According to the Raman spec-
trum, the double E; modes at 145 and 606 cm ! were cor-
responding to the symmetric vibration of O-Ti-O, and the
B,z mode at 437 cm ™ was related to the symmetric bending
vibration of O-Ti-O. The A;; peak of CuO was located at
272cm™ which was distinctive for analyzing the CuO
phase. In CuO@TiO,, the positions of Raman peaks of B,
and A, vibration modes of TiO, were modified by CuO. In
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Table 2: Examples of applications of PL spectroscopy

Ref.

Photocatalytic capability

Photoelectron-hole pairs
recombination rate

PL intensity

Synthesis method

Catalyst

[57]

NiFe,0, < MnMo0O4 < MnMoO,/

NiF6204

NiFe,0, > MnMoO, > MnMoO,/

NiFe204

NiFEZO4 > MnMoO, >

MnMOO4/NiFEZO4

Coprecipitation and hydrothermal routes

MnMoO4, NiFe,0,,

MnM004/NiFeZO4
MnS, MnS@AQ,S

[63]

MnS < MnS@Ag,S

MnS > MnS@Ag,S

MnS > MnS@Ag,S

Microwaveassisted solvothermal and ion-

exchange approach

[64]

BiOCl > 10% Ag,WO,/BiOCI BiOCl < 10% Ag,WO0,/BiOCI

BiOCl > 10% Ag,WO0,/BiOCI

A facile Coprecipitation method

BIOCl, 10% Ag,WO,/BiOC
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addition, there was a blue shift for the Blg mode from 437
to 404 cm™, which indicated a strong interaction bhetween
CuO and TiO, in CuO@TiO,. At the same time, it was also
proved that heterostructure was formed between CuO and
TiO,. As reported, the heterojunction structure of CutO@TiO,
endowed it with high catalytic activity in the photocatalytic
degradation of organic pollutants.

Several examples from the last 3 years (shown in Table 3)
are used as references. Raman spectroscopy can be used to
determine whether a heterostructure is formed between two
substances.

2.5 Mott-Schottky plot

Photocatalyst is usually a composite material of semicon-
ductor or single component semiconductor. The type of
semiconductors, the position of the CB, the position of
the VB, and the width of the bandgap influence the perfor-
mance of photocatalysts efficiently [79]. Hence, it is of great
significance to investigate these properties of semicon-
ductor photocatalysts. UV—vis absorption spectrum, men-
tioned above, is powerful for characterizing the bandgap
width of the semiconductors, and Mott-Schottky plot is
a characterization technique that is broadly used to
determine the type of semiconductors and band poten-
tials [27,80].
do__p 4)
dx? £
Mott-Schottky equation derivation starts from the
Poisson equation (as shown in Eq. 4), which expresses

Intensity (a.u)

100 200 300 400 500 600 700
Raman shift (cm™)

Figure 5: Raman spectra of TiO,, CuO, and its binary CuO@TiO, het-
erojunction nanocomposite catalyst [76].
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Table 3: Examples of applications of Raman spectroscopy

DE GRUYTER

Catalyst  Synthesis method Positions of Raman peaks (cm™")  The corresponding structure  Ref.
rGO/ZnO  Ecofriendly hydrothermal method 438 438 cm™: Zn0 [55]
1,351 1,351cm™: D band
1,586 1,586 cm™": G band
GO/Ag,0  Modified Hummers method 112.97 112.97 cm™: Ag-0 bond [77]
1,350 1,350 cm™: D band
1,587 1,587 cm™: G band
CuO/CdS  The ultrasound-assisted wet impregnation method 216 216, 413, 601 cm™: CdS [78]
283
332
413 283, 332, 627 cm™": CuO
601
627

the connection with charge density and potential differ-
ence @, where the position x away from the semiconductor
surface’s charge density is p, @ is the potential difference, &
is the dielectric constant, and &; is the vacuum dielectric
constant. Boltzmann distribution is used to explain the
distribution of electrons in the space charge region, and
Gauss’ law between the electric field passing through the
interface and the charge contained in the region. Poisson
equation can be solved, and Mott-Schottky equation can be
obtained [81].

@)

kT
Urs . ]

1 2
C_SzC B esoeNd[

Eq. 5 is the Mott-Schottky equation, which expresses
the connection between the space charge layer differential
capacitance (C,) of a semiconductor and other parameters
[82], where U is the applied potential, ¢ is the dielectric
constant, &, is the vacuum dielectric constant, e is the elec-
tron charge, kg is the Boltzmann constant, and T is the
absolute temperature.

On account of the data in the formula, a graph could be
obtained, with U as the x-coordinate and Cs¢? as the y-coor-
dinate. The graph usually shows an upward curve, which is
close to a straight line, and a tangent line down along the
curve could be made. The tangent line intersects the x-axis
and the resulting intercept is the flat-band potential Ugg. For
n-type semiconductors, their flat band potential and CB are
considered to be nearly identical, so the obtained flat band
potential can be directly described as Ecp [83]. In addition,
doping density Ny is the slope of this tangent line. The slope
can be used to determine the type of semiconductors. The
n-type semiconductor and p-type semiconductor respec-
tively have a positive slope and a negative slope [84,85].

Eg = Eyg — Ecp (6)

It is worth noting that, by combining the bandgap
width E; measured by UV-vis absorption spectroscopy,
the position of VB could be calculated via Eq. 6. The type
of semiconductors, the width of bandgap, as well as the
positions of VB and CB play crucial roles in photocatalytic
reaction, as they directly affect the photocatalytic reaction
process [86].

Yadav’s work is a representative pattern of using
Mott-Schottky plots to determine the flat band potential
of photocatalysts [87]. They synthesized a catalyst with Pt
nanoparticles incorporated by Si sites on mesoporous Ti,.
Si;-,0, support (the catalyst was denoted as PtSi-Tig 7,Sip 2502
in the case that x = 0.72), where Pt-TiO, and Pt-Tig 75Si( 250>
were adopted as reference catalysts. The tangent lines of the
Mott-Schottky curves of the three semiconductor photoca-
talysts in Figure 6 showed that the slopes of the three tan-
gent lines are all positive, which indicate that the three
catalysts are n-type semiconductors. In addition, they uti-
lized Eq. 5 to determine the flat-band potential, which is
obtained by making a tangent to the curve in Figure 6.
Pt-TiO,, Pt-Ti7,Sig2802, and Ptgi—Tig 7,Sig280, catalysts’
flat-band potentials, which were directly described as Ecg,
were —0.30, -0.54 and -0.40 eV. The relative negative poten-
tial (-0.40 eV) of CB of Ptg;—Tiy 7,51 280, relative to the poten-
tial of CO, for CO, CHy, and CH3;0H and its strong light
response endow Ptg—Tig 7,5y 230, with higher photocatalytic
activity for CO, CH4, and CH30H reduction by CO,.

The position of VB is an important factor to determine
whether a semiconductor can reasonably carry out the
oxidation-half reaction, since the position of VB should
be more positive than the redox potential of the reactants.

An example to illustrate how to solve VB through
Mott—Schottky plots and UV-vis absorption spectroscopy
was shown by the study of Zhu et al. [88]. Typically, ZnO
and CeO, photocatalysts were prepared, and Eq. 5 was used
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Figure 6: Mott-Schottky plots of Pt-TiO,, Pt-Tip 75552802, and Ptg;-
Tio.725i0.2802 [87].

to determine the flat-band potentials, which were obtained
by targeting the curve in Figure 7(a). The flat band poten-
tials of ZnO and CeO, were —0.61 and —0.87 eV, respectively.
It was clear that both photocatalysts were n-type semicon-
ductors. The flat band potential is nearly equivalent to Ecp
as far as know. Therefore, the Ecg of ZnO and CeO, were
-0.61 and -0.87 eV, respectively. And the relatively nega-
tive position of CB of CeO, and ZnO was more negative than
that of O, reduced to ‘0% radical. Then, they obtained the
E; of Ce0, and ZnO using UV-vis absorption spectroscopy
in Figure 7(b) and Tauc equation (Eq. 1), and the E; of ZnO
and CeO, which is shown in Figure 7(c) were 3.13 and
2.86 eV, respectively. According to Eq. 6, Eyg of ZnO and
CeO, could be calculated as 2.52 and 1.99 eV, separately. The
redox potential of water oxidation to ‘OH radical is 2.24 eV.
Therefore, OH radical could be generated at the VB position
of ZnO; at the same time, it could not be generated at the VB
position of CeO,. However, due to the fast recombination of
photoinduced electron-hole pairs on ZnO, the photocatalytic
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activity of ZnO was poor. ZnO/CeO, Z-scheme heterostruc-
ture with CB more negative than CeO, and VB more positive
than ZnO exhibited stronger reduction and oxidation ability.
As a result, the optimal Zn0O/CeO, Z-scheme heterostructure
(denoted as ZnO/Ce0,-3, in which the mass fraction of CeO,
was 30%) performed better photostability and higher effi-
ciency for the photodegradation of RhB, which was 2.5 times
and 1.7 times of pure ZnO and CeO,.

2.6 EIS

EIS, also known as alternating current (AC) impedance, is
currently used to understand the charge transfer situation
in photoelectrochemical catalytic reactions. It is also one of
the widely used characterization methods for photocata-
lysts and is very intuitive and effective [89,90]. The electro-
chemistry involved in photocatalysis is relatively complex.
Hence, electrochemical systems can be considered simply
as equivalent circuits and studied, and the essential com-
ponents (such as inductors (L), capacitors (C), and resistors
(R)) are connected in series or parallel. The structure of the
equivalent circuit and the information of each element can
be specified via EIS, and the composition of the electroche-
mical system as well as the properties of the electrode can
be analyzed by the electrochemical significance of these
elements [91,92].

EIS measures the variation of the ratio of AC potential
to current signal with the change of sinusoidal frequency
w, applying small amplitude AC sinusoidal potential waves
of distinct frequencies. In other words, the phase angle of
impedance varies with w by applying small amplitude AC
sinusoidal potential waves of different frequencies [93]. It
is equivalents to entering a disturbance function X in an
electrochemical workstation, and it will output a response
signal Y. It forms a function that describes the effect of the

9l(a) - (b) 81
- = —In0/CeO -4
- - —InO/Ce0,-3 Y {18
E b1 — Zn0/Ce02 M;;“o o
" 61 2 —In0/CeO-1 |'w o
o= e —m0 & ”
S 2 — Ce0 544 1 &
= (= b - *
s 2 = =
& s .2 24
057\ '." 061V
04~ L% / v v v 0
12 08 04 00 04 08 300 400 500 600 700 32 ; 4.0
Potential vs. NHE Wavelength(nm) hv(eV)

Figure 7: (a) Mott-Schottky plots, (b) UV-vis absorption spectra, and (c) band gap energies of different catalysts [88].
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disturbance on the response, and it is named the transfer
function G(w). If the internal structure of the system is a
stable linear structure, there is a linear function relation-
ship between the output signal and the disturbance signal
[94]. It could be expressed by Eq. 7:

Y= Gw)X (7)

(1) If the angular frequency is w, X is its sinusoidal current
signal, and then, Y is its sinusoidal potential signal. In
cases like that, the transmission function G(w) is also a
frequency function, which is called the frequency
response function. The function of this frequency
response is called the impedance of the system, and
it is represented by Z.

(2) If the angular frequency is w, X is its sinusoidal poten-
tial signal, and Y is its sinusoidal current signal. In cases
like that, the frequency response function G(w) is called
the admission of the system and is expressed by Y.

(3) Impedance and admittance are collectively referred to
as resistance, and they are denoted by G. Impedance
and admittance are reciprocal: Z = 1/Y.

(4) Resistive G is a vector that varies with w, and it is
usually expressed as a complex function of angular
frequency w. There is a quantitative relationship between
the parameters (Eq. 8). Here, G' is the real section of the
resistance and G is the imaginary component of the resis-
tance, and j is an imaginary unit, j = +/-1. And it can be
simplified as Eq. 9. The modulus value of impedance is
displayed in Eq. 10. In addition, the phase angle ¢ of
impedance is shown in Eq. 11.
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From the Egs. 7-11, we can get different frequencies of
impedance real section Z, imaginary component Z”, mod-
ulus value |Z|, and phase angle ¢. Finally, the real part Z'
and the imaginary part Z” are taken as X-axis and Y-axis,
respectively, to form the EIS spectrum. In the characteriza-
tion of semiconductor photocatalysts, the obtained EIS
spectrum usually looks like a semicircle curve [95]. In gen-
eral, we can know the charge transferability of the catalyst
according to the radius of the arc in the EIS spectrum of the
catalyst. The larger the arc radius, the larger the charge
transfer resistance and the weaker the charge transfer
capability [27].

A typical example of adopting the EIS spectrum to char-
acterize photocatalysts was provided by Wu [96]. TiO, and
Cu-TiO, catalysts were produced by the sol-gel method, and
a series of NCT catalysts by further impregnating different
amounts of Ni onto Cu-TiO,. The EIS spectra in Figure 8(a)
revealed that the arc radius of NCT catalysts was smaller
than those of other catalysts. Among them, the radius
lengths of 0.5 NCT and 1.0 NCT arcs were the smallest. It
could be assumed that 0.5 NCT and 1.0 NCT possessed a
smaller charge transfer resistance than other catalysts and
accelerated charge transfer capacity. Together with the
weaker photoelectron-hole pair recombination rate charac-
terized via PL spectra in Figure 8(b), 0.5 NCT exhibited good
catalytic performance in photocatalytic H,0 reduction to H,,
with its catalytic yield almost 40 times higher than that of
bare TiO, (Figure 8(c)).

G(w) = G'(w) +jG"(w) ®) Several examples of EIS in the field of photocatalysis in
S e the last 3 years (as shown in Table 4) can fully demonstrate
Z=7'+]jz o . . .
its importance. The data in Table 4 are also consistent with
(a) (b) 2 (c) w000] 0.5NCT
-o- TiO, . 3 W[40 [~ p—
40 NITiO, — ANCT g ety
Cu-TiO, - e Cosbunts wid
“F 0.INCT po S| = NCT g 2000
: 30 05SNCT f ¢ ; 20 . -
i w LONCT ® 2 o En|l o
3 ° >~ g — QI NCT _3 0 LONCT
:_% 20 .V p ‘7‘ = .v 5 CeTi0, g_ O, It wact wanct 2veT I 2.0NCT
' oy z ; " Cu-TiO, I
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= NITIO,
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Figure 8: (a) The EIS of modified TiO, catalysts; (b) PL emission spectrum of NCT samples; (c) hydrogen yield from pure water on different

catalysts [96].
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Table 4: Examples of applications of EIS

Charge transfer resistance Charge transfer capability Photocatalytic capability Ref.

Arc radius

Synthesis method

Catalyst

[78]
[97]

CuO < CuO/Cds CuO < Cu0O/Cds

CuO > Cu0/Cds

BiOBr-H,0 > BiOBr-EG BiOBr-H,O > BiOBr-EG

CdS > 6% MoS,/CdS

The ultrasound-assisted wet impregnation method CuO > CuO/CdS

CuO Cu0/CdS

BiOBr-H,0 < BiOBr-EG

BiOBr-H,0 < BiOBr-EG

BiOBr-H,0 BiOBr-EG  One-step hydrolysis method

CdS 6% MoS,/CdS

[98]

CdS < 6% MoS,/CdS CdS < 6% MoS,/CdS

CdS > 6% MoS,/CdS

Simple sonication method
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the above conclusion (the smaller the arc radius, the
stronger the photocatalytic capacity).

2.7 LSV and CV

LSV is a standard photocatalytic characterization method.
It applies a voltage that changes in a linear relationship on
the electrode and records the electrolytic current on the
working electrode [99]. If there is electron transfer (redox
reaction), the current will increase. Meanwhile, the posi-
tion of the current peak reflects diverse redox reactions,
and the intensity of the current peak reflects the activity of
redox reactions [100-102]. LSV is often used for quantita-
tive analysis, and it is suitable for the determination of
adsorbable substances. CV has the same working principle
as LSV, but it is a cyclic process. Therefore, it is often used
to judge the reversible electrode process as well as study
the active substance in the electrode adsorption-desorp-
tion process [103-105].

The potential at any time after the start of scanning E
can be expressed by Eq. 12 [106]:

E=E; - vt (12)

where E; is the initial potential, t is the time, and v is the
voltage scanning speed. The peak current of the reversible
electrode reaction is shown in Eq. 13:

) 0.4463F3/2An3/2D1/2C0v1/2

I Ri2T12 (13)

where F is Faraday constant, D is the reactant diffusion
coefficient, Cy is the reactant concentration in oxidation
state, n is the electron exchange number, and A is the
effective electrode area. When the effective area of the
electrode remains unchanged, Eq. 13 can be simplified
into the following form:

i, = kvl2C, 14)

It can be seen from Eq. 14 that the peak current is
proportional to the 1/2 power of the potential scanning velo-
city v, and the peak current is proportional to the bulk
concentration of the reactants, which is the basis of the
quantitative analysis of the linear scanning voltammetry.

However, if the reaction process of the electrode is
irreversible, the peak potential will shift in the positive or
negative with the increase of the scanning speed [107-109].
There is a quantitative relationship between the parameters
(Eq. 15).

Ep = Eyp £ LIRTnF (15)
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Figure 9: LSV Curves in oxygen-saturated H,SO,: a. Pt-WO3@W/GNs, b. 30% PtRu/C, c. Pt/WO3-GNs, d. Pt/GNs. (a) the specific activity and (b) mass
activity given as current normalized against electrode surface area and the mass of Pt [110].

Li et al’s work gives a representative example of the
characterization of optical properties of photocatalysts via
LSV and CV [110]. Pt/GNs, Pt/WO3-GNs, and Pt-WO;@W/GNs
were prepared by the solid phase approach, with 30%
PtRu/C as a reference catalyst. The four catalysts were
used for electrocatalytic oxygen reduction reaction (ORR),
with or without the illumination of a 0.25 mW-cm Xenon
lamp. From Figure 9(a) and (b), it is suggested that the onset
potential of Pt-WO3;@W/GNs was higher than those of other
photocatalysts. The half-wave potentials of Pt-WO;@W/GNs
were higher than those of other photocatalysts. Since initial

potential and half-wave potential are the most important
performance indexes of the catalysts used for electrocata-
lytic ORR, it can be speculated that Pt-WO3;@W/GNs exhib-
ited better catalytic activity in ORR than the other three
photocatalysts. In other words, the current peak mentioned
earlier reflected the activity of the reaction. The initial
potential and half-wave potential of Pt-WO3;@W/GNs were
the largest, which expresses that Pt- WO3@W/GNs have the
highest catalytic activity. In Figure 10, the mass activities of
the four catalysts for electrocatalytic ORR with or without
light radiation were demonstrated. As shown in Figure 10(a),

20
— 0_ — -
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B g /
< -15-
= E /\‘b
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0. 0.0 04 08 12
E/V(vs.RHE)
(d)
101 4
¥ i< .
. N
g 0 &
< .
: i
=10 = b
84
0.0 04 08 12 0.0 0.4 08 12
E/V(vs.RHE) E/V(vs.RHE)

Figure 10: CV Curves in oxygen saturated H,SO,4 without a and with b light irradiation: (a) Pt-WO3@W/GNs, (b) Pt/WO3-GN, (c) 30% PtRu-C, (d) Pt/

GNs [110].



DE GRUYTER

Table 5: Examples of applications of CV or LSV

Ref.

Max current density Catalytic activity

Current density

Synthesis method

Catalyst

y-Al,O3 < CuO/a-Fe,05/y-Al,03 69 pA-mg‘1 y-Al,03 < CuO/a-Fe,03/y-Al,03 [11]

Wet chemical method

y-A|203 CUO/C['Fezog,/Y'Aleg

[112]

g-GNg < g-G3Ny- Lay03 < g-G3Ng-CoO < g-

C3N4-La203-C00

IW, <

3.75mAmg”’

Hydrothermally prepared g-C3N; < g-C3N4-La,03 < g-C3N4-CoO

9-C3Ng g-C3N4-Lay03 g-C3N4-Co0 g-C3Ng-

La,05-Co0

ZW,

< g-C3N4-La,03-Co0

IW, <

[113]

70

Facile

5GZW,-1

pA-mg™”

5GZW,-1

Coprecipitating

Method

5GZW,-1

<10GZW,4-I

<10GZW,4-I

10GZW,4-I
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the peak current of Pt-WO3;@W/GNs was the highest in
the presence of light radiation, which was 1.7 times higher
than that without light. As shown in Figure 10(b), the mass
activity of Pt/WO;-GNs also increased under light irradia-
tion, but the increased amplitude was obviously smaller
than that of Pt-WO0;@W/GNs. On the contrary, the current
density of 30% PtRu-C and Pt/GNs in Figure 10(c) and (d)
increased negligibly under light irradiation, which might
be due to the lack of light-responsive W species. Notably,
the mass activity (peak current density) of Pt-WO;@W/GNs
for ORR was the highest under light illumination, with a
digital of 21.34 mA-mg ™. Hence, Pt-W0;@W/GNs exhibited
the most photocatalytic advantages compared with the
other three catalysts for ORR. All in all, it could be
inferred Pt-WO3;@W/GNs gave higher photoelectrocata-
lytic performance in ORR.

So as to better understand the application of CV or LSV
in photocatalysis, several examples in the past 3 years (as
shown in Table 5) are added to further illustrate. Generally
speaking, CV or LSV can compare the current density of
photocatalysts to judge the catalytic activity.

2.8 Chronoamperometry (photocurrent)

Photocurrent is a simple and extensively used photoelectro-
chemical detection technology [114,115]. When light energy is
used to excite a semiconductor, VB electrons are excited and
transit to the CB. By adding a strong electric field, the CB
electrons will move directionally and form a current. Photo-
generated current potentiated is used in electrolytic cells to
reduce some electroactive substances in solution. The cur-
rent time curve, namely photocurrent spectrum, is obtained
by recording the change of current with time [116,117].

Photocurrent is an electrochemical analysis method
and technology for studying the kinetics of electrochemical
processes. It represents a functional relationship, which is
a change in current over time after applying a single or
double potential to the working electrode of a photoche-
mical system [118,119]. The research on the principle of the
photocurrent method can be traced back to 1902 when the
Cottrell equation appeared. Cottrell equation was mathe-
matically derived from the diffusion law of linear diffu-
sion on a planar electrode and Laplace transform [120].
There is a quantitative relationship between the para-
meters (Eq. 16).

. nFADIG,
BETT (16)
el
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Figure 11: (a) Photocurrent saturation and decay plot acquired at ~200°C with a 1:1 ratio of CO,/H, and under a 100 W LED white lamp. (b) Catalytic
performance of S4 in photocatalytic CO, hydrogenation reaction at different temperatures [128].

Table 6: Examples of applications of photocurrent

Catalyst Synthesis method Photocurrent response Charge separation ability Ref.
CdS 6% MoS,/CdS Sonication method CdS < 6% MoS,/CdS CdS < 6% MoS,/CdS [98]
ZnWO, Coprecipitating method IW, < 5GZW,4I < IW, < 5GZW,4I < [113]
5GZW,-1

10GZW,-1 15GZW,I < 15GZW,I <

15GZW,-1 10GZW,4-I 10GZW,4-1

Cu,0 Hydrothermal route Cu,0 < Cu,0 < [129]
CUzo-MOSZ CUzO'MOSz < CUZO'MOSZ <

Cu,0-MoS,/rGO

Cu,0-MoS,/rGO

Cu,0-MoS,/rGO

where i; is the limiting current, n is the quantity of electron
transfer in the electrode reaction, A is the electrode area, F is
the Faraday constant, D is the diffusion coefficient of the
active substance, Cy is the initial molar concentration of the
active substance in the solution, and ¢ is the electrolytic time.

The concentration of the active substance on the elec-
trode surface will decrease gradually due to electrolysis, so
the current will decrease correspondingly as time increases,
which is reflected in the Cottrell equation. In addition, i is
proportional to Cy [121-123].

Photocurrent is an efficient characterization technique
with high sensitivity and less detection time for the analysis
and understanding of photodynamics occurring in semicon-
ductors [124,125]. Traditional photocurrent can explore the
morphology, material properties, and contact interface of
semiconductor catalytic materials [126]. At present, it is con-
sidered one of the effective methods to determine the
separation capacity of photo-borne carriers. When the
photocurrent energy is absorbed by the semiconductor,
the higher photocurrent response indicates a better charge
separation ability [127].

Wang’s work gives a classic example of the character-
ization of optical properties of photocatalysts via photocur-
rent [128]. The non-stoichiometric degree of In,0; was
controlled by them to adjust the color of the catalyst and
make its color turn from light yellow to black. Photocatalysts
S1and S4 (S1 was In,05 nanocrystals, which was obtained by
thermally dehydroxylating In(OH); nanocrystals in air at
700°C for 5h. S4 was produced by placing the as prepared
S1 with hydrogen at 400°C for 1h, to form In,05_,/In,03)
were prepared. The photocurrent responses of S1 and $4 cat-
alysts were characterized. As can be seen from Figure 11(a),
under the condition of light illumination, compared with S1, $4
excited electrons within a shorter saturation time, indicating
that S4 was strong in light absorption. Under the cases of
light-off, the photocurrents of S1 and $4 decayed gradually.
$4 took more decay time than S1, probably due to the more
oxygen vacancy traps and longer photoelectron lifetimes.
The increase of oxygen vacancies in S4 was beneficial to
increase the lifetime of photoelectrons and consequently
boosted the catalytic performance. In other words, the
higher photocurrent response mentioned above indicated
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better charge separation ability. In Figure 11(a), we can
see that the photocurrent response of S4 was higher than
that of S1, which indicates that the charge separation
ability of S4 was higher than that of S1. Apparently, in
Figure 11(b), S4 recorded a better catalytic performance
in photocatalytic CO, hydrogenation reaction, with a CO
productivity of 160.99 umol-h *m™%

For photocurrent as a characterization technique, sev-
eral examples from the last 3 years are added in Table 6.
The ability of charge separation was evaluated by photo-
current response.

3 Conclusions and outlooks

Photocatalysis is a research hotspot for both energy and
environment. As effective tools for the characterization of
photocatalysts, the related techniques are becoming increas-
ingly necessary.

Catalysts for photocatalysis are mainly consist of semi-
conductor materials, and characterization techniques for
photocatalysts are also of significance. (Main point charac-
terization techniques are shown in Table 7.) According to
the information (such as the energy band positions, the
light absorption ability, and the recombination ability of
photogenerated electron-hole pairs) obtained from sev-
eral tests, researchers could obtain theoretical support to
understand the properties of semiconductor photocata-
lysts comprehensively.

Nowadays, there are more and more advanced char-
acterization techniques for semiconductor photocatalysts;
however, these techniques still have some practical defi-
ciencies including sensitivity, resolution, and skills for in-
situ tests. Therefore, researchers should not only be fully
familiar with the working principles of existing character-
ization techniques but also optimize the richness and rele-
vance of device applications, which is conducive to making
clear the photocatalytic reaction mechanism. In addition,
although the present CV can analyze the activity of redox
reactions in photocatalysis from the perspective of thermo-
dynamics (Gibbs free energy and entropy increase prin-
ciple), it is still incapable of studying the reaction process
through kinetics. Therefore, the development of a new
method that can be analyzed from the perspective of ther-
modynamics as well as the view of dynamics and will play
a key part in promoting the development of photocatalysis.
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