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Abstract: ZnO and TiO2 are semiconductor nanomaterials that are widely used in photocatalysis.
However, the relatively high recombination rate and low quantum yield of photogenerated electron–
hole pairs limit their practical applications. In this study, a series of TiO2/ZnO/diatomite composites
with various compositions were successfully prepared via a two-step precipitation method. They
exhibited stronger UV–visible absorption properties and substantially lower fluorescence intensities
than those of ZnO and ZnO/diatomite, which was mainly due to the low recombination rate of the
photogenerated electron–hole pairs in the composite system. The reaction intermediates of methylene
blue were detected by liquid chromatography–mass spectrometry, and the degradation process was
determined. The best composite catalyst was used for the degradation of gaseous methylbenzene
and gaseous acetone. The gaseous acetone degradation product was determined to be acetaldehyde
via gas chromatography–mass spectrometry. The results show that the composite catalyst exhibited
a good photocatalytic degradation of both liquid pollutants and harmful volatile gases. When
applied to the hydrogen and oxygen evolution reactions, the composite catalyst retained a good
photoresponsivity and electrolytic efficiency.

Keywords: titanium dioxide; zinc oxide; diatomite; volatile organic compounds; catalytic degradation;
photocatalysis; photoelectrocatalysis

1. Introduction

Catalysts are widely used in modern chemical, energy, petroleum, and environmental
industries [1]. As a key national technology, catalytic technology plays an important role in
the national economy, environment, and public health [2,3]. Photocatalytic reactions are
chemical reactions of substances under light in the presence of photocatalysts. Owing to
their advantages of room-temperature reaction and the direct utilization of solar energy,
they have attracted considerable attention for air and water pollution treatment [4,5]. The
effective inhibition of the recombination of photogenerated electron–hole pairs and the
improvement of photocatalytic activity have become active areas of research [6,7]. Research
shows that the photocatalytic efficiency can be effectively improved by improving the
adsorption performance of the target degradation materials and reducing the recombi-
nation rate of photogenerated electron–hole pairs in photocatalysts. ZnO and TiO2 are
common semiconductor nanomaterials with an appropriate theoretical bandwidth (ap-
proximately 3.2 eV) and high thermal and chemical stabilities [8,9]. They are commonly
used to degrade organic pollutants and demonstrate good application prospects in the field
of catalysis [10–12]. However, the fast recombination rate of electron–hole pairs in these
photocatalysts restricts their application in photocatalytic technologies [13–15]. Generally,
ZnO and TiO2 form composites with substrate materials with large specific surface areas.
The recombination rate of photogenerated carriers can be inhibited by controlling the size
of the nanoparticles and by combining the electron or hole capture centers introduced by
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the substrate to increase the exposure time of catalytic active sites, which has become an
effective method of improving the photocatalytic efficiency of ZnO and TiO2 [16,17].

As a type of siliceous rock, diatomite is mainly composed of SiO2. It has a rich pore
structure, and its surface contains a large number of hydroxyl groups [18–20]. It has stable
chemical properties, good electron and hole transmission abilities. As a base material,
diatomite can bond with hydroxyl groups on the surface of ZnO or TiO2. While diatomite
and ZnO or TiO2 composites have been reported [21,22], there are few reports on the regu-
lation of the crystal structure of TiO2/ZnO/diatomite composites and its relationship with
catalytic properties. The mechanism for improving the photocatalytic properties of these
composites requires further exploration. In this study, TiO2(X%)/ZnO(10%)/diatomite
composite catalysts were prepared by a two-step precipitation method, and the adsorp-
tion/photocatalytic efficiency of the composite catalyst containing 30% TiO2 for methylene
blue (MB) was close to 80.34% after 150 min under visible light. The catalytic efficiencies of
the best catalyst were 63.5% and 53.3% after 210 min of adsorption and photodegradation
for gaseous methylbenzene and gaseous acetone, respectively. In addition, the degradation
mechanisms and products were characterized.

2. Results and Discussion
2.1. Phase Analysis

Figure 1 shows the X-ray diffraction (XRD) figures of the composite catalysts. The
diffraction peaks at 21.8◦ and 36.5◦ belong to diatomite [23,24], and the diffraction peaks
at 25.27◦, 37.82◦, 47.8◦, and 54.3◦ belong to the (101), (004), (200), and (211) planes of
rutile TiO2(PDF#21-1276), respectively [25]. The diffraction peaks at 31.8◦, 34.4◦, 36.2◦,
47.5◦, 56.6◦, 62.8◦, and 67.9◦ belong to the (100), (002), (101), (102), (110), (103), and (112)
planes of hexagonal wurtzite ZnO, respectively. The characteristic diffraction peaks present
in the TiO2(X%)/ZnO(10%)/diatomite composite catalysts demonstrated the successful
preparation of the composite.
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Figure 1. XRD figures of pure diatomite, pure ZnO, pure TiO2, and TiO2(X%)/ZnO(10%)/diatomite.
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2.2. Morphological Analysis

The scanning electron microscopy (SEM) analysis of the different catalysts is shown in
Figure 2, revealing that the surface of diatomite contained numerous pore. Figure 2A1,A2
shows that the ZnO nanoparticles were regularly distributed on the surface of diatomite
with a diameter of approximately 30 nm. The infrared spectrum shows that there was a
large number of hydroxyl groups on the surface of diatomite and zinc oxide. The ZnO
surface was rich in hydroxyl groups, which easily reacted with the hydroxyl groups on the
diatomite surface. Figure 2B1,B2 shows that the TiO2 nanoparticles were evenly distributed
on the surfaces of diatomite and ZnO, with a diameter of approximately 5 nm. The particles
were small and easily loaded on the diatomite and ZnO surfaces.

Catalysts 2022, 12, x FOR PEER REVIEW 3 of 18 
 

 

2.2. Morphological Analysis 
The scanning electron microscopy (SEM) analysis of the different catalysts is shown 

in Figure 2, revealing that the surface of diatomite contained numerous pore. Figure 
2(A1,A2) shows that the ZnO nanoparticles were regularly distributed on the surface of 
diatomite with a diameter of approximately 30 nm. The infrared spectrum shows that 
there was a large number of hydroxyl groups on the surface of diatomite and zinc oxide. 
The ZnO surface was rich in hydroxyl groups, which easily reacted with the hydroxyl 
groups on the diatomite surface. Figure 2(B1,B2) shows that the TiO2 nanoparticles were 
evenly distributed on the surfaces of diatomite and ZnO, with a diameter of approxi-
mately 5 nm. The particles were small and easily loaded on the diatomite and ZnO sur-
faces. 

 
Figure 2. SEM pictures with different magnifications of (A1,A2) ZnO(10%)/diatomite and (B1,B2) 
TiO2(30%)/ZnO(10%)/diatomite. 

2.3. Elemental Analysis 
The energy-dispersive spectroscopy (EDS) analysis of the TiO2(30%)/ZnO(10%)/diat-

omite sample is shown in Figure 3. The elemental survey of TiO2(30%)/ZnO(10%)/diato-
mite is shown in Figure 3a, and Figure 3b shows the corresponding SEM image. Figure 
3c–f shows the elemental maps of Si, Zn, Ti, and O, respectively, in 
TiO2(30%)/ZnO(10%)/diatomite, and no other impurity elements could be observed. 
These results confirmed the phase purity of the product. 

Figure 2. SEM pictures with different magnifications of (A1,A2) ZnO(10%)/diatomite and (B1,B2)
TiO2(30%)/ZnO(10%)/diatomite.

2.3. Elemental Analysis

The energy-dispersive spectroscopy (EDS) analysis of the TiO2(30%)/ZnO(10%)/diatomite
sample is shown in Figure 3. The elemental survey of TiO2(30%)/ZnO(10%)/diatomite is
shown in Figure 3a, and Figure 3b shows the corresponding SEM image. Figure 3c–f shows
the elemental maps of Si, Zn, Ti, and O, respectively, in TiO2(30%)/ZnO(10%)/diatomite,
and no other impurity elements could be observed. These results confirmed the phase
purity of the product.
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2.4. XPS Analysis

Figure 4 shows the X-ray photoelectron spectroscopy (XPS) energy profiles of the
different catalysts. In Figure 4a, O, C, Ti and Zn were detected on the different composite
catalysts surfaces. Figure 4b shows the Si for ZnO and ZnO(10%)/diatomite. There was no
obvious difference between the two. Figure 4c shows the Zn for ZnO, ZnO(10%)/diatomite
and TiO2(30%)/ZnO(10%)/diatomite. There was no obvious difference between the three.
In the O spectra in Figure 4d, three types of oxygen species were present: surface oxygen
(O1), metallic oxygen (O2), and oxygen vacancies (O3). The proportions of the three types
of oxygen species varied between the different catalysts, among which the difference in
oxygen vacancies was the most noticeable. As is shown in Table 1, the proportion of oxygen
vacancies in the TiO2(30%)/ZnO(10%)/diatomite composite catalyst was the largest, and a
larger quantity of oxygen vacancies generally improved the adsorption performance of the
catalyst and the photocatalytic activity of the material.
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TiO2(30%)/ZnO(10%)/diatomite.

Table 1. Proportion of the three oxygen species of ZnO, ZnO(10%)/diatomite, and TiO2(30%)/
ZnO(10%)/diatomite.

Sample
Oxygen Species O1 O2 O3

ZnO 28.02% 47.81% 24.17%
ZnO(10%)/diatomite 26.77% 44.67% 28.56%

TiO2(30%)/ZnO(10%)/diatomite 25.27% 39.43% 35.30%
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2.5. UV–Vis Diffuse Reflectance Spectra

Ultraviolet–visible (UV–vis) spectra can be used to reveal the light absorption capacity
of a catalyst [26]. As shown in Figure 5, the TiO2(30%)/ZnO(10%)/diatomite composite
catalyst could absorb more visible light than diatomite, ZnO, and ZnO(10%)/diatomite,
and the absorption edge was located at 400 nm. The composite catalyst had a wider visible
light absorption range and higher absorption intensity, which generally improved the
photocatalytic performance.

Catalysts 2022, 12, x FOR PEER REVIEW 6 of 18 
 

 

Table 1. Proportion of the three oxygen species of ZnO, ZnO(10%)/diatomite, and 
TiO2(30%)/ZnO(10%)/diatomite. 

                 Oxygen Species 
Sample O1 O2 O3 

ZnO 28.02%% 47.81%% 24.17%6% 
ZnO(10%)/diatomite 26.77% 44.67% 28.56% 

TiO2(30%)/ZnO(10%)/diatomite 25.27% 39.43% 35.30% 

2.5. UV–Vis Diffuse Reflectance Spectra 
Ultraviolet–visible (UV–vis) spectra can be used to reveal the light absorption capac-

ity of a catalyst [26]. As shown in Figure 5, the TiO2(30%)/ZnO(10%)/diatomite composite 
catalyst could absorb more visible light than diatomite, ZnO, and ZnO(10%)/diatomite, 
and the absorption edge was located at 400 nm. The composite catalyst had a wider visible 
light absorption range and higher absorption intensity, which generally improved the 
photocatalytic performance. 

 
Figure 5. UV–vis spectra of diatomite, ZnO, ZnO(10%)/diatomite, and TiO2(30%)/ZnO(10%)/diato-
mite. 

2.6. Photoluminescence (PL) Spectra 
Fluorescence spectra reflect the recombination proportion of photogenerated elec-

tron–hole pairs in a catalyst [27,28]. Generally, a weaker fluorescence intensity corre-
sponds to a lower recombination proportion of photogenerated electron–hole pairs, which 
facilitates the photocatalytic reaction. As shown in Figure 6, the TiO2(30%)/ZnO(10%)/di-
atomite composite catalyst had a lower fluorescence intensity compared to diatomite, 
ZnO, and ZnO(10%)/diatomite. The excitation wavelength was 320 nm. Therefore, it 
should have the lowest recombination proportion of photogenerated electron–hole pairs 
and the highest photocatalytic efficiency [29–31]. 

200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 ZnO
 Diatomite
 ZnO(10%)/diatomite
 TiO2(30%)/ZnO(10%)/diatomite

Figure 5. UV–vis spectra of diatomite, ZnO, ZnO(10%)/diatomite, and TiO2(30%)/ZnO(10%)/diatomite.

2.6. Photoluminescence (PL) Spectra

Fluorescence spectra reflect the recombination proportion of photogenerated electron–
hole pairs in a catalyst [27,28]. Generally, a weaker fluorescence intensity corresponds to a
lower recombination proportion of photogenerated electron–hole pairs, which facilitates
the photocatalytic reaction. As shown in Figure 6, the TiO2(30%)/ZnO(10%)/diatomite
composite catalyst had a lower fluorescence intensity compared to diatomite, ZnO, and
ZnO(10%)/diatomite. The excitation wavelength was 320 nm. Therefore, it should have
the lowest recombination proportion of photogenerated electron–hole pairs and the highest
photocatalytic efficiency [29–31].
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2.7. Photocatalytic Performance of Different Catalysts
2.7.1. Photocatalytic Degradation of MB by Different Catalysts

Figure 7 illustrates the formation of TiO2(30%)/ZnO(10%)/diatomite, and as shown
in Figure 8, the degradation efficiency of MB varied with the proportion of TiO2 in the
composite catalyst. The degradation rate of MB for TiO2(30%)/ZnO(10%)/diatomite was
80.34% after 3 h of light exposure, which was superior to that of the other composites with
different proportions of TiO2. In addition, the degradation proportion of the MB solution
during the initial stage of illumination increased with the increasing illumination time,
and the removal rate of MB also increased. Over time, the MB removal rate remained
relatively stable. This may be due to the continuous increase in oxygen vacancies and
free electrons during the reaction process with the increasing illumination time and to the
continuous adsorption, oxidation, re-adsorption, and re-oxidation on the catalysts surface,
which increased the effective surface area of the catalyst and maintained more catalytic
active sites, resulting in a high oxidation efficiency.
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The data in Figure 8 were fitted using linear equations to determine whether the
reactions followed first-order kinetics, and the results are shown in Figure 9. As shown
in Figure 9, the photocatalytic process of the composite catalysts containing different
proportions of TiO2 followed first-order reaction kinetics. After fitting the data, the linear
slope (k, first-order kinetic constant of the photocatalytic process independent of the
adsorbed phase) was obtained, which was 0.01164 for the TiO2(30%)/ZnO(10%)/diatomite
composite. To further study the degradation mechanism of MB, the reaction products of
MB at different reaction times were analyzed by liquid chromatography–mass spectrometry
(LCMS). Figure 10 shows the liquid-phase mass spectrum of the degradation products of
MB, and the data analysis is shown in Figure 11.
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2.7.2. Photocatalytic Degradation of Gaseous Methylbenzene and Gaseous Acetone over
TiO2(30%)/ZnO(10%)/Diatomite

Figure 12 shows the photodegradation for gaseous methylbenzene and gaseous ace-
tone. At room temperature, the gas concentration was ruled by adding 1 mL of sat-
urated gas to headspace vials. As shown in Figure 12, under visible light irradiation,
TiO2(30%)/ZnO(10%)/diatomite demonstrated excellent photocatalytic degradation per-
formance for gaseous methylbenzene and gaseous acetone. Furthermore, gaseous methyl-
benzene and gaseous acetone were substantially degraded after 210 min of illumination,
with degradation efficiencies of 63.5% and 53.3%, respectively. The degradation efficiency
of gaseous methylbenzene was higher than that of gaseous acetone. However, because
of the high initial concentration, they were not completely degraded during the short
test time. Based on the analysis of the degradation results, one possible reason was that
the structures of gaseous methylbenzene and gaseous acetone were relatively stable and
difficult to destroy. In this study, the photodegradation products of gaseous acetone were
studied by gas chromatography–mass spectrometry (GC-MS). According to the GC-MS
analysis (Figures 13 and 14), CH3CO+ was present in the gaseous acetone degradation
product. This discovery has the guiding significance for the subsequent degradation of
other gaseous organic pollutants. The catalytic degradation and products of other gaseous
organic pollutants and further analyses of the degradation path and mechanism will be
studied in the days to come.
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2.7.3. Analysis of the Photocatalytic Mechanism

The photocatalytic degradation of MB involves nine steps. When the photocatalyst is
excited by visible light, the first step is exciting electrons into the conduction band, which
leaves an equal number of holes in the valence band, as shown in Figure 15. Electrons and
holes generated in an aqueous medium convert hydroxyl and superoxide into free radicals
with a high oxidation performance. These free radicals react with the organic compounds
to produce the final product. The specific reaction processes are as follows.

TiO2(X%)/ZnO(10%)/diatomite + hv→ TiO2(X%)/ZnO(10%)/diatomite (h+) + TiO2(X%)/ZnO(10%)/diatomite (e−) (1)

H2O + TiO2(X%)/ZnO(10%)/diatomite (h+)→ ·OH + H+ (2)

O2 + TiO2(X%)/ZnO(10%)/diatomite
(
e−

)
→ TiO2(X%)/ZnO(10%)/diatomite

(
·O−2

)
(3)

TiO2(X%)/ZnO(10%)/diatomite (·OH) + MB → H2O + CO2 (4)

TiO2(X%)/ZnO(10%)/diatomite
(
·O−2

)
+ MB → H2O + CO2 (5)

H+ + TiO2(X%)/ZnO(10%)/diatomite
(
·O−2

)
→ TiO2(X%)/ZnO(10%)/diatomite (·OOH) (6)

TiO2(X%)/ZnO(10%)/diatomite (·OOH) + TiO2(X%)/ZnO(10%)/diatomite (·OOH)→ O2 + H2O2 (7)

H2O2 + TiO2(X%)/ZnO(10%)/diatomite (e−)→ TiO2(X%)/ZnO(10%)/diatomite (OH−) +
TiO2(X%)/ZnO(10%)/diatomite (·OH)

(8)

TiO2(X%)/ZnO(10%)/diatomite
(
·OH, ·O−2 , h+)+ MB → CO2 + H2O + inorganic compounds (9)
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2.8. Electron Paramagnetic Resonance (EPR) Analysis

Three main active substances participate in the photodegradation of MB: photoexcited
holes (h+), hydroxyl radicals (·OH), and superoxide radicals (·O−2 ). To investigate the
mechanisms of the photocatalytic step, triethanolamine (TEOA) was used to capture h+,
isopropanol (IPA) was used to capture ·OH, and ascorbic acid (VC) was used to capture
·O−2 . The captured amount was 1 mmol and the results are shown in Figure 16h. Under
visible light conditions, the degradation proportion of the MB solution without free radical
scavengers was 80.34%, while the degradation proportion of the experimental groups with
the free radical scavengers decreased by different degrees, with TEOA at 78.50%, IPA at
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45.20%, and VC at 15.29%. Based on these results, the influence of the active species on
the photocatalytic MB solution followed the order h+ < ·OH < ·O−2 . The photocatalytic
properties of the material were closely related to the number of active species produced
in the reaction system; therefore, EPR was used to characterize the h+, ·OH, and ·O−2 .
Figure 16a–g shows the signals from the active species h+, ·OH, and ·O−2 . After irradiation
with a xenon lamp, the signal intensity of all the active species increased as the xenon
lamp exposure time increased. When the catalysts were irradiated by a xenon lamp
for 4 or 8 min, the TiO2(30%)/ZnO(10%)/diatomite catalyst had the biggest ·OH signal
(Figure 16a–c) and the strongest O−2 signal (Figure 16d–f). However, the oxygen vacancy
defect test results in Figure 16g showed that the number of oxygen vacancy defects in
TiO2(30%)/ZnO(10%)/diatomite was lower than that in ZnO(10%)/diatomite, indicating
that the photocatalytic degradation of MB was more closely related to ·O−2 and ·OH.
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TiO2(30%)/ZnO(10%)/diatomite, (c) ·OH for ZnO(10%)/diatomite, (d) ·O−2 for diatomite,
(e) ·O−2 for TiO2(30%)/ZnO(10%)/diatomite, (f) ·O−2 for ZnO(10%)/diatomite, (g) oxygen vacancies,
and (h) degradation rate of MB solution by TiO2(30%)/ZnO(10%)/diatomite with the addition of
various free radical scavengers.
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2.9. Photocurrent Analysis

Figure 17a shows the photocurrent–time curves of the TiO2(X%)/ZnO(10%)/diatomite
catalysts in truncated light with +0.8 V vs. RHE for ≥400 s and an on/off cycle of 50 s.
While the lamp was turned off (dark condition), all the photoanodes displayed a lower
photocurrent density of nearing 0.0015 mA/cm2. Under illumination, there were distinct
photoresponse plateaus with a large and glossy photocurrent, indicating the fast separation
of photogenerated electrons. This result showed that the catalyst with a 30% molar loading
ratio had the fastest light feedback and reproduced an equal photoresponse over 400 s,
indicating it had more photogenerated electron–hole pairs and a lower recombination rate.
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Figure 17. Amperometric I–t curves (a), photocurrent densities (b), Nyquist plots (c), and water
splitting efficiencies of TiO2(X%)/ZnO(10%)/diatomite (d).

The composites with various loading ratios were investigated to determine the max-
imum photocurrent density, as shown in Figure 17b. A comparison between dark and
light conditions revealed that the photocurrent concentration under light conditions was
substantially larger than that under dark conditions. The composite with a 30% molar
loading ratio had the largest photocurrent concentration among the composite catalysts
because of the charge collection performance and direct path to photoelectrons.

The charge transfer resistance was analyzed by an electrochemical impedance spec-
troscopy (EIS) of the catalysts at 0.1 V. Generally, the charge transfer resistance is represented
by a semicircle at intermediate frequencies, where a larger diameter corresponds to a larger
charge transfer resistance. The EIS data could be fitted to characterize the electrode–catalyst–
electrolyte interface. An equivalent circuit (inset of Figure 17c) was used, which included
the typical electrical elements. The inductance of an external circuit (L), uncompensated
solution resistance (Rs), charge transfer resistance (RCT), contact resistance between the
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catalyst and the glassy carbon electrode (R0), and the constant phase elements (CPE) of
the double-layer capacitor were required for fitting. RS was the same for all electrodes,
indicating a fair comparison, while the smallest RCT value was obtained for the catalyst
with a 30% molar loading ratio, indicating the fastest charge transfer.

Figure 17d shows the performance diagrams of the composites with various loading
proportions for photoelectrochemical water splitting. The performance of the catalyst
with a 30% molar loading ratio was clearly larger than that of the others, meaning that
the Si–O–Zn bonds were favorable to the transmission of electrons and enhanced the
performance of photoelectrochemical water splitting.

3. Experimental Section
3.1. Chemicals and Materials

Diatomite (Macklin, Shanghai, China), zinc acetate dihydrate (Zn(OOCCH3)2·2H2O,
Alfa Aesar, Shanghai, China), titanium tetrachloride (analytical reagent, Beijing, China),
ammonia water (analytical reagent, Beijing, China), polyvinylpyrrolidone (PVP, analyt-
ical reagent, Beijing, China), hexadecyl trimethyl ammonium bromide (CTAB, analyti-
cal reagent, Beijing, China), acetylacetone (analytical reagent, Tianjin, China), acetone
(analytical reagent, Beijing, China), methylbenzene (Aladdin, Shanghai, China), methyl-
benzene (analytical reagent, Beijing, China), tetraethyl orthosilicate (analytical reagent,
Beijing, China), ethanol absolute (analytical reagent, Beijing, China), and deionized wa-
ter were used for the synthesis of TiO2(X%)/ZnO(10%)/diatomite. During the synthesis
of TiO2(X%)/ZnO(10%)/diatomite, all reagents listed were purchased and used without
further treatment.

3.2. Catalyst Preparation
3.2.1. Synthesis of ZnO(10%)/Diatomite

In our previous work, we found that the ZnO(10%)/diatomite composite catalyst had
the best photocatalytic performance [32]. Therefore, it was selected as the carrier in this
study. In a typical procedure, diatomite (20 g) was added to deionized water (40 mL). After
the solution was magnetically stirred in an ice-water bath for 30 min, Zn(OOCCH3)2·2H2O
(5.38 g) was added and stirred for an additional 30 min. Then, acetylacetone (2 mL) and the
0.3% ammonia solution were added dropwise until the pH of the solution was 10.00. The
solution was then heated in a water bath under 75 ◦C for 7 h, and ZnO(10%)/diatomite
was produced.

3.2.2. Synthesis of TiO2(X%)/ZnO(10%)/Diatomite

ZnO(10%)/diatomite (1 g) was added to ethanol absolute (15 mL). After the solution
became uniform, CTAB (0.2 mL) and PVP (0.2 mL) were added and stirred for 15 min.
Titanium tetrachloride (molar ratio), ethanol absolute (10 mL), and tetraethyl orthosili-
cate (0.005 mL) were successively added in an ice-water bath. After stirring for 2 h in
a 50 ◦C water bath and for 2 h in an 80 ◦C water bath, the precipitate was sequentially
centrifuged with deionized water four times, then dried at room temperature for 12 h.
TiO2(X%)/ZnO(10%)/diatomite was produced.

4. Characterization
4.1. Material Characterization

The phases in the synthesized samples were analyzed using XRD with Cu Kα radiation
at a scan rate of 5◦/min in the 2θ range 3◦–90◦. The particle sizes and morphologies of
the products were examined using SEM (S-4700 and JSM-7800F, Japan) with EDS. The
UV–vis absorbance was measured using a UV–VISNIR spectrophotometer (SolidSpec-3700,
Shimadzu, Japan). PL spectroscopy (FL-7000, Hitachi, Japan) was serviced to evaluate the
photocatalytic activity. An XPS analysis was performed to examine the elemental chemical
environment. EPR (EMX-500 10/12) was used to reveal unpaired electrons in atoms or
molecules qualitatively and quantitatively and to explore the structural properties of their
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surroundings. A CHI660E electrochemical analyzer was serviced at room temperature in a
0.5 M Na2SO4 solution with a traditional three-electrode system. A glassy carbon electrode
was used as the working electrode, a calomel electrode was serviced as the reference
electrode, and a graphite electrode was serviced as the counter electrode.

4.2. Photocatalytic Activity

The photocatalytic activity of the products was evaluated using the MB solution
photocatalytic degradation method. The degradation process for the catalyst was as follows.
The sample (5 mg) was dispersed in the MB solution (30 mL), which was then placed in a
xenon lamp box. The mixture was then subjected to dark conditions for 30 min. Then, 4 mL
of the mixture was placed in a sample tube and marked as serial number one. The xenon
lamp was then turned on, and 4 mL of the solution was removed every 30 min and marked
as 2–6, sequentially. The degradation rate was determined by monitoring the variation in
the MB concentration over time using a UV–Vis spectrophotometer.

The catalyst with the highest degradation proportion was selected to degrade gaseous
organic pollutants, including gaseous methylbenzene and gaseous acetone. In the sealed
conditions, the saturated gas had the same concentration as that of the liquid. The degrada-
tion process for the target was as follows: the catalyst (0.15 g) was placed into a headspace
vial (250 mL capacity), and the saturated gas pollutant (1 mL) was injected into the
headspace vial using a gas chromatography syringe (2.5 mL capacity). In the process
of photocatalytic degradation, a xenon lamp (30 W) was used as the light source. We
placed the headspace vial under light and directly irradiated it. The entire process was
conducted in room temperature, and without heating or stirring performed throughout
the degradation process. Gas was collected every half an hour, and the corresponding
concentrations of organic gas pollutants were examined by GC–MS.

4.3. Electrochemical Measurements of the Electrocatalysts

The photoelectrochemical water splitting activity of the catalysts was determined
with a three-electrode system using a CHI electrochemical workstation (model 660E). A
glassy carbon electrode (diameter: 5 mm, 0.1256 cm2) was used as the working electrode,
a Hg/HgO electrode was used as the reference electrode, and a graphite electrode was
used as the counter electrode. The efficiency of photoelectrochemical water splitting was
calculated using the following formula:

η (%) = J (1.23 − ERHE)/Ilight (10)

where η (%) represents the efficiency of photoelectrochemical water splitting, ERHE repre-
sents the potential calibrated against RHE, and Ilight represents the photocurrent density.
The preparation process for the electrocatalyst was as follows: The sample (10 mg) was dis-
persed in water/ethanol absolute (0.95 mL, 1:1 v/v). Nafion (30 µL, 5 wt%) was then added
to the solution to obtain a homogeneous ink. The mixture was ultrasonically dispersed for
10 min. Then, 5 µL of the uniform mixture was extracted and dropped onto the surface of
the glassy carbon electrode. Photoelectrochemical tests were performed in 0.5 M Na2SO4
(pH = 7.00). Linear sweep voltammetry (LSV) was conducted in the 0.5 M Na2SO4 (pH =
7.00) at a scan rate of 5 mV/s. EIS was performed in the potentiostatic mode from 105 to 0.1
Hz.

5. Conclusions

In this study, TiO2(X%)/ZnO(10%)/diatomite composite catalysts were successfully
prepared via a two-step precipitation method using titanium tetrachloride and zinc acetate
dihydrate in an ice-water bath. During the reaction, the ZnO nanoparticles were coated on
diatomite in an ice-water bath, and TiO2 was uniformly coated on the surface of ZnO and
diatomite. Furthermore, the large pore structures and hydroxyl groups of the diatomite
easily bonded with ZnO and TiO2. Owing to the interaction between ZnO and TiO2 and
its combination with diatomite, ZnO and TiO2 not only improved the original visible-
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light absorption performance, but also greatly enhanced the ultraviolet light absorption
performance. The TiO2(30%)/ZnO(10%)/diatomite catalyst exhibited a considerably higher
catalytic efficiency of 80.34% after 150 min of adsorption and photodegradation of MB,
and the degradation process of MB was determined by LCMS. In addition, the composite
catalyst had a strong degradation potential for gaseous methylbenzene and gaseous acetone.
After 210 min of adsorption and photodegradation, the catalytic efficiencies were 63.5%
and 53.3%, respectively. CH3CO+ was detected in gaseous acetone degradation products
by GC-MS. For photoelectrochemical water splitting, the composite catalysts exhibited a
good photoresponsivity and excellent electrolytic efficiency. This was mainly because the
composite system produced more photogenerated electron–hole pairs under visible light
and had a lower recombination rate, providing a longer survival time. In addition, the
composite catalysts had more active species, such as oxygen vacancies, hydroxyl radicals,
and superoxide radicals, providing a higher catalytic capacity.
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