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Abstract: Lignin is the only renewable resource composed of aromatic hydrocarbons in nature that
can be used as raw materials for preparing chemicals. However, due to the existence of stable C-O
bonds and C—C bonds in the lignin, the high-value resource utilization of lignin is still challenging
work. Herein, we reported efficient lignin depolymerization using a Ni-doped WOj3_, nanosheet
photocatalyst that was prepared via the two-step hydrothermal treatment. The optimized catalyst
(Ni-doped WO3.) successfully depolymerized sodium lignosulfonate to vanillic acid and guaiacol
under visible-light irradiation. The active radicals of photocatalytic depolymerization of sodium
lignosulfonate were superoxide radicals, photogenic holes, and hydroxyl radicals under visible-light
irradiation. Furthermore, the introduction of Ni significantly decreased the activation energy barrier
for selective cleavage of the C—C bond, which was the essential step to promote lactic acid production.
This work presented an effective and promising strategy for lignin depolymerization and value-added
biochemical production.
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1. Introduction

Lignin is the only natural polymer that can provide a large amount of renewable
aromatic groups in nature. It is rich in sources and has the potential to prepare high-value
chemicals. However, due to the complexity and obstinacy of the lignin structure, most
lignin is directly discharged and burned as waste, which not only pollutes the environment
but also wastes resources [1,2]. As the source of aromatic structure, lignin has great poten-
tial in the preparation of aromatic compounds through depolymerization, which was the
direction of lignin’s future high-value utilization. Researchers have developed a variety
of processes, including biocatalytic depolymerization, acid or alkali depolymerization,
pyrolytic depolymerization, and catalytic depolymerization, which can convert low-value
lignin into high-value products such as aromatic hydrocarbons, aldehydes, ketones, alco-
hols, etc. However, most of the traditional lignin catalytic depolymerization processes still
require higher reaction temperatures [3-5].

Photocatalysis technology is considered a green and sustainable technology because
of its advantages, such as relatively mild reaction conditions and direct use of sunlight
as energy [6]. The application of photocatalysis technology to the depolymerization of
lignin to obtain high-value chemicals can not only solve the problems of relatively harsh
reaction conditions, resource waste, and environmental pollution encountered in traditional
methods of depolymerizing lignin, but also accurately break the C-O linkage in the lignin
structure to improve the yield and selectivity of value-added biochemicals [7]. The photo-
catalytic depolymerization of lignin uses photogenerated oxygen-containing active species
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with high oxidation potential to oxidize the C-O, C-H, and C-C bonds in the substrate to
obtain aromatic compounds [8]. Ugurlu et al. prepared a TiO,-supported sepiolite catalyst
via the sol-gel method, which was used for the photocatalytic depolymerization of lignin [9].
Dai et al. used MnO; to successfully catalyze the oxidation and further depolymerization
of organic solvent lignin, sulfate lignin, and alkali lignin under blue light irradiation [10].
Wakerley et al. used a CdS/CdOy composite photocatalyst to realize the conversion of
lignocellulose to H, driven by solar energy [11]. Gong et al. prepared Bi and Pt loaded on
TiO,, which was used for solar-driven lignosulfonate depolymerization. The photogenic
holes (h*) and superoxide radicals generated in the photocatalytic process convert 85%
of lignosulfonate into guaiacol, vanillic acid, vanillin, 4-phenyl-1-butene-4-ol, and other
intermediates [12]. Wang et al. prepared efficient TiO, photocatalysis materials for photo-
catalytic hydrogenation of lignocellulose through microstructure control and successfully
obtained high-value chemicals [13]. They also used CdS quantum dots for the photo-
catalytic depolymerization of lignin and obtained a variety of aromatic compounds [14].
Wang et al. synthesized rod-shaped ZnIn,S,; photocatalytic material for the photocatalytic
depolymerization of lignin into aromatic compounds [15]. The photocatalytic method was
considered a green and sustainable development method due to its relatively mild reaction
conditions and green and safe process. However, there were still the shortcomings of low
reaction efficiency and incomplete depolymerization in the catalytic conversion of lignin
using photocatalytic technology. Improving the ability of photocatalysts to activate molecu-
lar oxygen and improve the carrier separation efficiency by modifying the microstructure
and band structure of photocatalysts is still a challenge, and further research is still needed.

Due to its high quantum yield, WO3; was also widely used in the photocatalytic degra-
dation of pollutants, photocatalytic decomposition of aquatic hydrogen, and photocatalytic
reduction of CO; [16]. However, since the band gap of WO3 is 2.5~3.0 eV, it can only harvest
ultraviolet light in the solar spectrum. In addition, WO3 also has a high recombination
rate of photogenerated electrons and holes, resulting in a low photocatalytic efficiency
of WO3, which seriously restricts the application range of the photocatalysis of WO;3. In
order to broaden the light absorption ability of WO3 and enhance the separation ability
of photogenerated electrons and holes, researchers have developed and studied many
methods. Among many methods, an oxygen vacancy is considered to be a modified WO3
technology with great advantages because it can reduce the band gap of WOs3. and also
prevent the recombination of photogenerated electrons and holes [17]. At present, the
main methods for preparing oxygen-rich vacancy photocatalysts include metal doping,
steam deposition, reduction of NaBH,4, and high-temperature calcination [12,18,19]. In
these methods, transition metal doping was widely used to prepare catalysts containing
oxygen vacancies because of its relatively mild reaction conditions and simple operation.
It is generally believed that high-valence metals (trivalent and above) are more likely to
generate oxygen vacancies because of their stronger binding force with O atoms [13]. Ti3*
doped TiO; also contains a high concentration of oxygen vacancies and thus greatly in-
creases the photocatalytic performance of TiO; [20]. Yang’s group fabricated a sequence of
La3*-doped with BiOCI micro-balls that have deposited Bi nanoparticles in situ via a facile
single-step solvothermal method, and excellent photocatalytic activity was obtained from
not only the combined effects of La**-doping but also the SPR effect of semimetal Bi [21].

At the same time, some research reports also pointed out that the doping of low-
valent metals can also produce oxygen vacancies and promote the catalytic activity of
photocatalysts [22-24]. However, the report on oxygen vacancies mainly considers how to
generate oxygen vacancies, increase the concentration of oxygen vacancies, and improve
the activity of photocatalysts [25-28]. However, the oxygen vacancy with appropriate
concentration may be more important for the photocatalytic directional depolymerization
of lignin into high-value chemicals. Therefore, it is of great significance to study the
concentration of oxygen vacancies regulated by metals and apply them to the efficient
depolymerization of lignin.
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In this study, transition metal doping is used to increase the concentration of tung-
sten oxide oxygen vacancies, which is very beneficial to the selective depolymerization of
sodium lignosulfonate as a high-value chemical. The synthesized photocatalyst showed
good stability under simulated sunlight and the ability of photocatalytic degradation of
sodium lignosulfonate to high-value chemicals. In addition, the mechanism of photocat-
alytic depolymerization of lignin was also studied in detail.

2. Results and Discussion

The phase and crystallographic structure of the synthesized samples were character-
ized by XRD technology, and corresponding results are shown in Figure 1a. The peaks
of the above samples are well indexed to WO3 (JCPDS No. 83-0950). The crystallinity
of the 2D WOs3_, sample was not very good because of the ultrathin microstructure and
low synthesis temperature. Hence, we could find some wide peaks in its XRD pattern. In
addition, many new peaks appeared in N-WOj3._, because of the secondary hydrothermal
treatment. However, with the increase in Ni>* doping, the peak position of WO5, did not
shift significantly.
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Figure 1. XRD patterns (a) and SEM images (b,c) of the prepared samples.

The microscopic morphology of the photocatalyst observed by SEM is shown in
Figure 1b,c. It shows that 2D WOs_ presents a diameter of about a 100 nm thin slice. With
the increase in Ni** doping, WOs3., thin films began to crack (Figure 1c). The reason for
this phenomenon may be that the increase in Ni?* inhibits the growth of some crystal
planes of WO3_ crystal and promotes WO3_ microspheres to become ellipsoids and finally
completely break into tiny flakes [26]. The TEM, HRTEM, and mapping analysis were used
to obtain the microscopic morphology and structural information. As shown in Figure 2a,
it is easily viewed that the N-WOj3., is a regular nanosheet morphology. Additionally, all
the elements are spatially distributed, as confirmed by elemental mapping (Figure 2b—e).
Thus, we believe that the Ni element successfully doped WO3., nanosheets.
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Figure 2. The TEM images (a) and the SAED image (b—e) of N-WO5.y.

The surface element composition of the as-prepared samples was analyzed using XPS
technology. As shown in Figure 3a, the survey spectra of samples revealed that the N-WOj3._,
contains Ni, O, and W elements. The binding-energy (BE) peaks of W 4f were observed at
34.09 eV, 35.38 eV, 36.45 eV, and 37.47 eV (Figure 3b), which agreed with the reported BE
values of the W species [28-30]. The higher energy peaks of 35.38 eV from W 4f7/2 and
37.47 eV from W 4f 5/2 are attributed to W®*, and the lower energy peaks of 34.09 eV from
W 4f 7/2 and 36.45 eV from W 4f 5/2 originated from reduced W?>* [31,32]. This result
suggests that part of the W atoms were reduced to a lower valence state. As shown in
Figure 3c, the binding-energy (BE) peaks of O 1s are located at 532.28, 530.77, and 530.08 eV
(Figure 3c), respectively, demonstrating the peak of 532.28 eV corresponding to oxygen
vacancies, the peak 530.08 eV corresponding to a bond of O-W, and the peak 530.77 eV
corresponding to adsorbed oxygen, respectively [33]. To further confirm the existence of
oxygen vacancies, EPR experiments were employed, which can indicate the existence of
at least one unpaired electron or singly ionized oxygen vacancies. There is a significant
EPR signal at g = 2.006 observed, which originated from the trapped electrons in the
oxygen vacancies of 2D WO;., and N-WOs_, (Figure 3d). It is possible that the rich oxygen
vacancies can be attributed to the formation of numerous W>* ions. Moreover, the oxygen
vacancy signal of N-WOs3_, was significantly higher than that of 2D WOs_,, indicating that
Ni doping promotes the formation of oxygen vacancies in the WOj3_ photocatalyst [34].
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Figure 3. The XPS of Ni-doped WOs.y, survey spectrum (a), XPS spectra of W4f spectra (b), XPS
spectra of O 1s spectra (c), and EPR spectra (d).
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The photocatalytic activity of all samples was evaluated through the experiment
of photocatalytic depolymerization of sodium lignosulfonate as a high-value chemical.
The results are shown in Figure 4. The depolymerization ability of the photocatalyst to
sodium lignosulfonate first increases and then decreases when 3% Ni was doped into
WOs.« (N-WOs3.4), which has the best ability of photocatalytic depolymerization of sodium
lignosulfonate. When the illumination time was 60 min, the depolymerization rate of
sodium lignosulfonate was 80.24% (Figure 4a). In addition, compared to 2D WOj3_, and
WOs3.4-0.33H,0, N-WO3. also exhibited the highest catalytic activity (Figure 4b,c), which
could be ascribed to how the appropriate concentration of Ni doping and oxygen vacancy
can enhance the activity of the photocatalyst [35]. The scientific control in different at-
mosphere environments confirmed that molecular oxygen participated in the catalytic
reaction and assisted in the depolymerization of lignin. Figure 5d shows that the cycling
experiments also exhibit stable photocatalytic performances of N-WO3_ during five cy-
cles (Figure 4d). Thus, WOs_,, with an appropriate concentration of Ni-doped and rich
in oxygen vacancies, can increase the absorption capacity of light and make full use of
sunlight [26,36]. The existence of oxygen vacancies can accelerate the separation of photo-
generated electrons and holes, promote the formation of superoxide radicals, and improve
the catalytic performance of photocatalysts.
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Figure 4. The photocatalytic depolymerization of sodium lignosulfonate by prepared samples with
different Ni concentrations (a), the photocatalytic depolymerization of sodium lignosulfonate by
different samples (b), the photocatalytic depolymerization of sodium lignosulfonate under different
conditions (c), and the cyclic experiment by N-WOs_ (d).
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Figure 5. The transient photocurrent (a) and electrochemical impedance spectra (b) experiments of
the prepared samples.
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To study the separation ability of photogenerated electrons and holes of photocatalysts
under simulated solar radiation, the photoelectric performance of photocatalysts was
tested. Figure 5a shows the transient photocurrent curve of the synthesized sample. It
shows that the synthesized photocatalysts have a certain intensity of transient photocurrent
response under simulated sunlight. Among them, N-WOs3_, has the largest transient
photocurrent response, which indicates that N-WOs_ has the best photogenerated electron—
hole separation ability. Additionally, to analyze the resistance of photogenerated electrons
in the process of transmission, the electrochemical impedance spectra of all samples were
measured. As shown in Figure 5b, compared with 2D WOj3_, N-WOs3_ has the smallest arc
radius, indicating that N-WOj_ has the smallest interfacial electron transfer resistance. The
transient photocurrent and the electrochemical impedance spectra proved that the N-WO5_
has the optimal photogenerated electron-hole separation ability and the minimum electron
transfer resistance [37].

To study the role of active radicals in the process of photocatalyst reaction, the active
species were tested and analyzed by free radical capture experiment. The results are shown
in Figure 6a. It showed that when p-benzoquinone, triethanolamine, and tert-butanol were
added to the reaction system, the degradation rate of sodium lignosulfonate decreased to
a certain extent. Among them, the degradation rate of sodium lignosulfonate decreased
most significantly after the addition of tert-butyl alcohol, indicating that the photocatalytic
reaction system was a free radical reaction mechanism with the hydroxyl radical as the main
component and the photogenic hole and superoxide radical as the auxiliary component.
The optical absorption performance of the synthesized sample was analyzed by a UV-
Vis diffuse reflectance spectrometer, and the results are shown in Figure 6b. It shows
that all photocatalysts have the ability to absorb ultraviolet light. Compared with 2D
WOs3., N-WOs3. shows a slight redshift and a significant tailing phenomenon at the
wavelength of 400 nm, which may be caused by Ni doping and the formation of oxygen
vacancies [26,34,35]. On the other hand, as shown in Figure 6¢, comparing to the binding
energy of 2D WO;,, that of at about 0 eV was attributed to the doped Ni?**, which changed
the electronic structure of the sample [36-39], which also proves that the Ni element was
doped into the lattice of WOs3.«. The valence bands of the N-WOj3_, and 2D WOs3_, were
1.97 and 1.82 eV, respectively. Thus, the conduction band potentials of the N-WOs_, and 2D
WOj3_ were calculated to be —0.20 and —0.57 eV, respectively, according to the formula
Eg = Eyp—Ecp. The band structure of the N-WO;3_, and 2D WO3_ is clearly depicted in
Figure 6d. Obviously, the conduction band edge of N-WOj3_, moved in a more negative
direction, which promoted the combination of N-WOj3., and O, to form superoxide radicals,
which is consistent with the results of the free radical capture experiment.

Based on the above discussion and previous research results [38], a possible mecha-
nism of the photocatalytic depolymerization of sodium lignosulfonate with N-WO3_, was
proposed. When the simulated sunlight irradiates the N-WOs5_ photocatalyst, the photo-
generated electrons in the valence band of N-WOj3_, are rapidly excited and transferred to
the conduction band. For pure WO3_, more photogenerated electrons will recombine with
holes again, reducing the photocatalytic efficiency. However, the N-WOs_ photocatalyst
contains numerous oxygen vacancies, which can trap O, and react with the photogenerated
electrons transferred to the conduction band, forming superoxide radicals. Because of
its mild oxidation potential, superoxide can rapidly oxidize organic intermediates into
high-value chemicals without oxidizing and decomposing intermediate products to form
CO; and HyO [40]. After being consumed by O, the photogenerated electrons leave behind
holes in the valence band. Then, the partial photogenerated holes would oxidize water to
generate hydroxyl radicals, while the other photogenerated holes would directly oxidize
sodium lignosulfonate into the organic intermediates CO; and H,O. Meanwhile, the hy-
droxyl radical with a high oxidation potential can oxidize sodium lignosulfonate and small
molecular organic intermediates to form small molecular organic intermediates, CO; and
H,O, further reducing the yield of organic compounds in the photocatalytic reaction [40].
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This is also the reason why the yields of vanillic acid and vanillin first increased and then
decreased in the photocatalytic degradation of sodium lignosulfonate.
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Figure 6. Free radical capture experiment (a), DRS (b), binding energy (c), and potential band
structures (d) of the prepared samples.

The appropriate concentration of Ni doping and the formation of the appropriate
concentration of oxygen vacancies can promote the production of superoxide radicals to a
certain extent. According to previous research, superoxide radicals exhibit mild oxidation
potential [41,42], which is beneficial to the stability of depolymerization products. At the
same time, superoxide radicals can also facilitate the separation of photogenerated electrons
and holes. However, increasing the concentration of oxygen vacancies inevitably leads
to the formation of hydroxyl radicals and photogenerated holes, causing the degradation
of sodium lignosulfonate in the reaction system into H,O and CO,, thereby reducing the
yield of high-value chemicals. Therefore, it is crucial to form the appropriate concentration
of oxygen vacancies through Ni-doping to increase the yield of high-value chemicals in the
photocatalytic depolymerization process of sodium lignosulfonate.

3. Materials and Methods
3.1. Materials and Reagents

All analytical grade reagents were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). and used directly without further purification. Sodium
lignosulfonate was from Angel Yeast Co. Ltd. (Yichang, China).

3.2. Preparation of Photocatalysts

The detailed steps of synthesis process of Ni>* doped WO;_, rich in oxygen vacancies
were as follows.

Firstly, the WO3_, nanosheets were synthesized through a precursor solvothermal
method. In brief, 0.5 g of sodium tungstate was initially dissolved into 150 mL of deionized
water (80 °C). Then, 150 mL of nitric acid was slowly dropped into the tungstate solution
while stirred for 30 h to obtain a bright yellow suspension. Subsequently, the bright
yellow precursor, WO30.33H,0, was obtained by centrifuging and drying at 60 °C in an
oven. Herein, 0.25 g of the ground WO30.33H,0 was poured into 50 mL methanol while
vigorously stirred for 30 min to obtain mixed suspension. Then, 15 mL of acetic acid was
dropped into the yellow suspension while stirred for another 15 min. Then, the above
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suspension was transferred into a 90 mL PPL-lined stainless-steel autoclave and heated at
220 °C for 30 h in an oven. After naturally cooling to room temperature, the blue sample
was centrifuged and washed with water and ethanol, respectively. Finally, the prepared
nanosheets were heated at 550 °C for 2 h at a 10% Hj: 90% Ar atmosphere. The pure WO3_
nanosheets were named 2D WOs5._,.

Secondly, 5 mL of ethylene glycol and 75 mL of anhydrous ethanol were added to a
100 mL beaker, respectively, and stirred continuously for 30 min and labeled as A. Next,
0.830 g of prepared WOs3., nanosheets and 0~0.06 g (0~5% of total mass) of nickel nitrate
hexahydrate were added to solution A and stirred continuously for 30 min. Subsequently,
the above solution was transferred to PPL-lined stainless-steel autoclave for hydrothermal
reaction. The reaction temperature was 160 °C, and the reaction time was 12 h. After the
reaction, the stainless-steel reactor was naturally cooled to room temperature, and then
the obtained light-yellow product was centrifugally washed with water and ethanol three
times. After that, the product was dried in a vacuum-drying oven at 60 °C overnight to
obtain a Ni?* doped WOj3_ photocatalyst rich in oxygen vacancies. The sample with the
best doping ratio (3%) was named N-WOsy.

3.3. Characterization

The structure and crystallinity of the prepared samples were characterized by X-ray
diffraction (XRD, D/MAX-RB, Rigaku, Tokyo, Japan) analysis on a D/MAX-RB diffractome-
ter with Cu Ka radiation under the operation conditions of 40 kV and 50 mA. Transmission
electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan), high-resolution transmission
electron microscopy (HRTEM), and selected area electron diffraction (SAED, JEM2100F,
280 kV) were used to characterize the morphology and microstructure of the prepared
samples. X-ray photoelectron spectroscopy (XPS, ESCALAB Xi, Thermo Fisher, Scienrific
Co., Ltd., Waltham, MA, USA) was employed to analyze the valence states of the elements
with a monochromatic Mg Ka source and a charge neutralizer. The binding energies ob-
tained in the XPS spectral analysis were adjusted for specimen charging by referencing
C 1s at 284.5 eV. The transmittance for each composite film was measured on a Lambda
750 S UV /Vis/NIR Spectrometer (DRS, Lambda 750 S, PerkinElmer, Waltham, MA, USA).
Photoluminescence (PL) emission spectra were collected by an RF-5301PC spectrofluorom-
eter (Shimadzu, Japan) with an emission wavelength of 312 nm. The ESR experiments
were recorded by an electron paramagnetic resonance (EPR, A300-10, Bruker, Billerica, MA,
USA) spectrometer () to detect the unpaired electron or singly ionized oxygen vacancies.

3.4. Photocatalytic Activity Test

The activity of the photocatalyst was evaluated by studying the depolymerization
ability of the photocatalyst to sodium lignosulfonate, and the light source was treated with
a 400 nm cut-off filter. The experimental steps of photocatalytic activity evaluation were
as follows. First, 50 mL of 0.1 g/L sodium lignosulfonate was added to the photocatalytic
reactor with a volume of 100 mL. Then, 0.01 g of photocatalyst was added to the solution,
and it was left in the shade for 1 h to achieve adsorption-desorption equilibrium. After
dark adsorption, the light source was turned on. Every 20 min, 3 mL of liquid was carefully
extracted with a 5 mL syringe, and a 0.22 pm nylon filtration membrane was used for
filtration. The concentration of sodium lignosulfonate in the filtered liquid was analyzed
and calculated by UV-Vis spectrophotometer. The characteristic adsorption wavelength
of sodium lignosulfonate was 280 nm. Additionally, to analyze the content of high-value
chemicals obtained after the depolymerization of sodium lignosulfonate, the liquid was
filtered after the photocatalytic reaction, extracted with dichloromethane three times, and
then evaporated to remove dichloromethane. After that, the organic matter was redissolved
with chromatography-grade acetonitrile and analyzed by HPLC. The test conditions were
as follows. The separation column was the C-18 column produced by Shimadzu Company,
the mobile phase was acetonitrile and water, the volume ratio was 6:4, the flow rate of
the mobile phase was 0.6 mL/min, and the test wavelength was 280 nm. Finally, to study
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the mechanism of active radicals in the depolymerization of sodium lignosulfonate by
photocatalyst, the tert-butyl alcohol (4 mM), triethanolamine (4 mM), silver nitrate (4 mM),
and 1,4-p-benzoquinone (2 mM) were respectively added to the photocatalytic reaction
system to carry out the experiment of photocatalytic depolymerization of lignin, and the
experimental steps of photocatalytic depolymerization of sodium lignosulfonate.

4. Conclusions

In this study, Ni-doped WOs_« nanosheets with appropriate concentrations of oxy-
gen vacancy were successfully synthesized by the solvothermal method. The doping of
Ni reduced the band gap of the WOs., photocatalyst, increasing its absorption ability
to UV-visible light. Additionally, doped Ni also increased the concentration of oxygen
vacancies, promoting the separation efficiency of photogenerated electrons and holes to
some extent and enhancing the catalytic performance of the photocatalysts. The Ni-doped
WOs. photocatalyst can successfully depolymerize sodium lignosulfonate to vanillic acid,
vanillin, guaiacol, CO,, and H,O. The active radicals of photocatalytic depolymerization
of sodium lignosulfonate are superoxide radicals, photogenic holes, and hydroxyl radi-
cals. Because the higher concentration of oxygen vacancies increases the concentration of
superoxide radicals in the photocatalysis system, it also increases the concentration of hy-
droxyl radicals and photogenerated holes, resulting in the photocatalyst decomposing more
sodium lignosulfonate or depolymerized products into CO, and H;O, reducing the yield
of high-value chemicals. Therefore, suitable Ni doping and oxygen vacancy concentration
were very necessary to promote the conversion of sodium lignosulfonate into high-value
chemicals through photocatalytic depolymerization. This study provides a new idea for
controlling the oxygen vacancy concentration in WOs_ through doping and promoting the
photocatalytic depolymerization of sodium lignosulfonate as high-value chemicals.
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