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Multisite photocatalytic depolymerization of lignin
model compound utilizing full-spectrum light
over magnetic microspheres

Chengcheng Suo,1 Wei Li,1 Sha Luo,1 Chunhui Ma,1,2,* and Shouxin Liu1,*

SUMMARY

Photocatalytic depolymerization is a high value-added approach for utilization of lignin. In this study,mag-
netic microspheres of FeCoRu@SiO2–TiO2 were synthesized by a co-precipitation method. Doping with
CoOx and RuOx was used to improve the response to visible light, and doping with TiO2 was used to
improve the response to ultraviolet light (l < 380 nm). The lignin model compound depolymerization
rate was >90%. The electron paramagnetic resonance results showed that the reaction occurred in two
steps (aerobic phase and oxygen-free phase). Most of the O2

� was produced in the first step by cleavage
of C-O bonds. The second step was inhibited in an oxygen-free atmosphere. This research provides a valid
method for enhancing the photocatalytic properties using full-spectrum light and exploring the lignin pho-
tocatalytic depolymerization mechanism. Further research is required to develop the catalyst properties
and performance to produce radicals.

INTRODUCTION

Depolymerization of lignin to produce value-added1 chemicals provides a pathway to realize a green chemical economy.2 Because it is an

abundant and sustainable resource, lignin has been investigated extensively.3,4 Currently, pyrolytic,5 biocatalytic,6 photocatalytic,7 and elec-

troncatalytic8methods are used for lignin depolymerization.9 Taking a long-time view, the utilization of lignin has a large potential.10 Recently,

a lot of research has done a lot of works in using new solution (such as deep eutectic solvent, DES),11 new materials, etc. Besides, photoca-

talytic depolymerization of lignin is a green and economicmethod.12,13 Photocatalytic processes are usually accompanied by electron transfer

and formation of holes.14 Recently, Li et al. developed a strategy for controlled engineering of Cu2O to selectively extract holes and map

charge transfer processes at the single-particle level.15 They verified that electron transfer occurred to the atom surface. Unique reactive spe-

cies and photogenerated reactive species can attack target chemical bonds under mild conditions.16 Photogenerated radicals can photoca-

talytically activate C-O/C-C bonds.17,18

Metal oxides (Bi, Ce, Co, Ru, Cu, and Ti)19–22 have been widely applied in photocatalysis. To achieve this, polymers have been modified

with magnetic nanoparticles or doped with single metal atoms. However, the response of single metal atoms to full-spectrum light is limited

and there have been few reports of co-doped magnetic catalysts. Recently, Gao et al.23 reported a Ru-doped amorphous-silica and demon-

strated a synergistic interaction between acidic components and the metal. This catalyst could convert lignin-derived monophenols to cyclo-

hexane with high efficiency and yields. Zhang et al.24 reported a CuO/BiVO4 catalyst that could selectively cleave Ca–Cb bonds.With the pho-

tocatalyst, lignin b-O-4 linkages were broken to form aromatic compounds with a yield of 86.5%. Luo et al.25 reported a dual light wavelength

switching strategy to selectively attack b-O-4 bonds using TiO2 and Pd/ZnInS4, which produced ketones and phenols with a 90% yield. Metal

loading experiments and electron paramagnetic resonance (EPR) spectroscopy have been used to elucidate that Ti3+ is formed in situ and is

involved in electron transfer for photocatalytic hydrogenolysis of b-O-4 ketones. b-O-4 bonds are the most common linkages in lignin. There-

fore, photocatalytic selective cleavage of b-O-4 bonds is the main step for depolymerization of lignin. Recovery and recycling of catalysts are

important, and a catalyst needs to be developed that is easy to recycle and has high selectivity for b-O-4 bonds.

For recovery of the catalyst, magnetic separation is a viable method.26 Incorporation of Fe3O4 nanoparticles into a catalyst can make it

magnetic. However, oxidation of Fe3O4 can occur under irradiation and cause photocorrosion of the catalyst and reduce the transformation

efficiency.12 A core-shell structure of a compound such as SiO2 around Fe3O4 could protect the Fe3O4 from oxidation.

EPR can be used to identify free radicals involved in biomass photocatalytic depolymerization.27 To date, various compounds (e.g., 5,5-

dimethyl-1-pyrroline N-oxide [DMPO], 2,2,6,6-Tetramethylpiperidinooxy [TEMPO], and 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-ox-

ide [DEPMPO]) have been used for spin trapping.28 DMPO has been the most widely used because it produces stable nitrone and $O2
�

radical spin adducts.29 Benzyl radicals, superoxide radicals, hydroxyl radicals, hydroperoxide radicals, and sulfate radicals have been detected
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by EPR to characterize radical degradation of lignin. Zhang et al.30 reported a method for photocatalytic degradation of lignin to aromatic

chemicals using an adjacent functional group modification strategy or modification and radical intermediate mechanism for lignin linkage

cleavage.

In the present research, we synthesized a series of catalysts containingmagnetic nanoparticles. Scanning transmission electronmicroscopy

(SEM), transmission electron microscopy (TEM), and Fourier transform infrared (FTIR) spectroscopy were used to evaluate the shape of the

nanoparticles and determine whether a thin layer of SiO2 was successfully coated on the surface. Powder X-ray diffraction (XRD) was used

to determine whether the core of the catalyst was Fe3O4. X-ray photoelectron spectroscopy (XPS) was used to study the oxidation states

of the elements and evaluate production of $O2
�. Additionally, EPR was used to evaluate the photocatalytic activity of FeCoRu@SiO2–

TiO2. High-performance liquid chromatography mass spectrometry (HPLC-MS) was used to determine the yields of products formed from

FeCoRu@SiO2–TiO2.

RESULTS AND DISCUSSION

Preparation of the catalyst

RuCl3$3H2O and Co (NO3)2$6H2O were deposited on Fe3O4 nanoparticles using a co-precipitation method with urea as a co-precipitant.

First, the Fe3O4 (0.01 mol) was mixed with ultrapure water by ultrasonication. Next, RuCl3$3H2O (0.52 g), Co (NO3)2$6H2O (2.91 g), and

urea (108.22 g) weremixed with 50.0 mL of ultrapure water under stirring and thenmixed with the Fe3O4 solution for 10 h at 25�C and another

10 h at 90�C. Themixture was then left for 18 h. The obtained samplewaswashedwith ultrapure water three times and ethanol three times and

then vacuum dried for 24 h at 60�C and labeled as FeCoRu.

The FeCoRuwasmixedwith 95%ethanol (200mL) by ultrasonication. Then 15.0mLof ultrapurewater and 30.0mL of ammoniumhydroxide

were added with stirring at 25�C. Tetraethyl orthosilicate (TEOS) (10 mL) was added dropwise to the solution over 2 h, and then the mixture

was left to react for 5 h. The obtained sample by magnetic separating was washed with ultrapure water three times and ethanol three times

and then vacuum dried for 24 h at 60�C and labeled as FeCoRu@SiO2.

The obtained FeCoRu@SiO2 was mixed with 95% ethanol (200 mL) by ultrasonication to prepare solution A. Solution B was prepared by

mixing 20.0 mL of ethanol with 8.0 mL of tetrabutyl titanate and 60.0 mL of isopropyl alcohol. Then solution B was added dropwise to solution

A over 2 h at 70�C and the mixture was reacted for 10 h. The obtained sample by magnetic separating was washed with ultrapure water three

times and ethanol three times and then vacuum dried for 24 h at 60�C. Finally, the resulting solid was calcined in a muffle furnace at 500�C for

2 h in air and labeled as FeCoRu@SiO2–TiO2 (Figure 1).

FeCoBi@SiO2–TiO2, FeCoCe@SiO2–TiO2, and FeCoCu@SiO2–TiO2 were synthesized by the same method but using 0.01 mol of Bi

(NO3)2$5H2O, 0.01 mol of Ce (NO3)3$6H2O, and 0.01 mol of Cu (NO3)2$6H2O, respectively, in place of the RuCl3$3H2O.

Characterization of the catalyst

Themorphologiesof themagneticnanocompositeswere studiedusingaLeica invertedfluorescencemicroscopeandSEM.Thecatalysts in the

solvents were first observed using the Leica inverted fluorescencemicroscope, which showed they had excellent dispersibility (Figure S1). The

SEM results showed that the particles were uniform in shape and size (Figures 2A–2F). The particle sizes of FS@TiO2–Co and FeCoRu@SiO2–

TiO2 were approximately 400 and 800 nm, respectively. The FeCoRu@SiO2–TiO2 particles weremore evenly distributed than the FS@TiO2–Co

particles (Figure 2D). The SEM images (Figures 2B, 2C, 2E, and 2F) of the nanocomposite showed it was ametal oxide,31,32 with CoOx and TiOx

on the surface. Energydispersive spectroscopy (EDS)was used for elemental analysis of the FeCoRu@SiO2–TiO2 (Figures S2 andS3). Themajor

elements in FS@TiO2–CowereO (48%), Ti (45%), Fe (45%), andCo (4%). Themajor elements in FeCoCe@SiO2–TiO2 wereO (32%), Ti (19%), Ce

(18%), Fe (17%), andCo (14%). These results showed that theCoandTi contents in FeCoCe@SiO2–TiO2were higher than those in FS@TiO2–Co.

The contents of Co and Ti increased with the co-precipitation method (Figures S2 and S3).

Figure 1. Synthesis of the FeCoRu@SiO2–TiO2 catalyst.
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The TEM results (Figures 2G and 2H) for FS@TiO2–Co and the FeCoRu@SiO2–TiO2 showed that SiO2 was successfully coated on the

FeCoRu and Fe3O4 nanoparticles. Two different regions with distinct electron densities were observed (Figures 2G and 2H), which confirmed

that a core-shell structure was formed successfully.33

The FTIR spectra (Figure 2I) confirmed that TiO2 and othermetal oxides formed on the surface. After vacuumdrying, the obtained samples

had many OH groups on the SiO2. After calcination, the peak for OH at approximately 3422 cm�1 disappeared. Peaks related to the Si-O-Si

bond in SiO2 were located at approximately 1067 and 1083 cm�1 (Figures 2I and 2J), which indicated that a SiO2 layer was created on FeCoX

(where X is Bi, Ce, Cu, or Ru) and Fe3O4. The peaks at 792, 800, and 400–800 cm�1 (Figure 2I) were related to the Ti-O bond and showed that

some of the Si-O-Si bonds were replaced with Ti-O bonds.34,35

Most aqueous solutions of metal salts have a pH of <7; for example, the pH of an aqueous RuCl3 solution is pH < 1. The Fe3O4 could react

with these solutions. In our results, the XRD patterns of the catalysts showed diffraction peaks at approximately 2q of 10�–80�, which were

consistent with the standard for Fe3O4 (PDF#75–0449). For Fe3O4, the XRD pattern showed typical peaks for Fe3O4 phases at 2q of 30.1�,
35.5�, 43.5�, 53.4�, 57.0�, and 62.6�,36 corresponding to the 220, 311, 400, 422, 511, and 411 lattice planes, respectively. These results

confirmed that the Fe3O4 phases were retained (Figures 3A–3C). No changes were detected in the phase composition after addition of other

metals, which could be highly dispersed in the Fe3O4 microspheres.37

Surface metal states and metal oxygen species

XPSwas used to determine the oxidation states of themetal catalysts.Our XRD results proved that the complete lattice of Fe3O4 was retained.

The survey XPS spectrumof FeCoRu@SiO2–TiO2 is shown in Figure 3. The Co 2p peakwas split into four peaks at 779.1, 783.9, 794.9, and 800.9

eV (Figure 3F). The peaks at 783.9 and 800.9 eV corresponded to Co 2p3/2 and Co 2p1/2, respectively, which are characteristic of the Co2+

valence state in FeCoRu@SiO2–TiO2.
38–40 The peaks at 779.1 and 794.9 eV were for Co3+, which was produced by surface oxidation. Peaks

for Ru 3 d in FeCoRu@SiO2–TiO2 appeared at 285.0 eV (Ru 3d3/2) and 280.8 eV (Ru 3d5/2).
41–43 The Ru 3d3/2 peak overlapped with the C 1s

peak at 284.8 eV. The peaks at approximately 280.8 eV (Figure 3E) showed that RuOx species were present. The observed RuOx species

are presumably produced on the surface of FeCoRu@SiO2–TiO2 by oxidation of Ru0 or Ru3+ species when the catalyst is calcined in air.44

Doped Ti is more likely to be located at the surface or near the surface of Si-O and will form octahedral TiO2. An increase in oxygen vacancies

in FeCoRu@SiO2–TiO2 was confirmed byO 1s XPS (Figure 3D) and EPR. The position of oxygen vacancies is directly related to the crystal form

of TiO2, with oxygen vacancies tending to exist in the bulk phase of anatase TiO2 and on the surface layer of rutile TiO2.
45 Surface-layer oxygen

Figure 2. SEM images of Fe3O4@SiO2@TiO2–Co (FS@TiO2–Co) and FeCoRu@SiO2–TiO2

(A–J) The scale bars represent 2 mm (A and D), 1 mm (B and E), and 500 nm (C and F). TEM images of FS@TiO2–Co (G) and FeCoRu@SiO2–TiO2 (H). The scale bars

represent 100 nm (A and B). FT-IR spectra of FS, FS@TiO2, FS@TiO2–Bi, FS@TiO2–Ce, and Fs@TiO2–Co prepared by the sol-gel method (I) and the co-

precipitation method (J).
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vacancies greatly influence the catalytic performance, which could be an important contributor to the higher stability of the catalytic activity of

calcined FeCoRu@SiO2–TiO2 compared with the catalyst that was not calcined. In FeCoCu@SiO2–TiO2, theO 1s peak (Figure 3H) as the same

as the O 1s in FeCoRu@SiO2–TiO2. Doped Cu is the main reason of the $OHproduced. As shown in Figure 3I, the Cu 2p3/2 peak and Cu 2p1/2

peak were observed at 934.0 eV and 954.3 eV, respectively. Additionally, the peaks at 942.2 eV and 962.5 eV are strong Cu2+ satellite peak.

Relation details between FeCoCu@SiO2–TiO2 and $OH will be shown in subsequent mechanism part. The Co 2p (Figure 3J) and Ti 2p (Fig-

ure 3K) in FeCoCu@SiO2–TiO2 are likely with Co 2p and Ti 2p in FeCoRu@SiO2–TiO2. Besides, the Cu content in FeCoCu@SiO2–TiO2 is higher

than Ru in FeCoRu@SiO2–TiO2 which results in the Co2+ peak at 783.9 eV (Figure 3J) being smaller than Co2+ peak at 783.9 eV in Figure 3F.

Themagnetization saturation values of Fe3O4, FS@TiO2, and FS@TiO2–Co were 82.51, 50.72, and 40.34 emu$g�1, respectively (Figure 4A).

The order of FS@TiO2–Coz FS@TiO2 < Fe3O4 wasmainly attributed to SiO2. Themagnetization saturation values of FeCoRu, FeCoRu@SiO2,

and FeCoRu@SiO2–TiO2were 44.98, 34.17, and 22.25 emu$g�1, respectively (Figure 4B). The order of Fe3O4 > FeCoRuwas attributed toCoOx

and RuOx, and the order of FeCoRu > FS@SiO2 z FS@SiO2–TiO2 was attributed to SiO2.
46

EPR is frequently used to evaluate the function of photocatalysts in photocatalytic processes that involve reactive oxygen species

(Figures 4C and 4D). In this study, EPR with DMPO as the spin trapping agent was carried out to further verify the generation of superoxide

radicals ($O2
�).47 Six peaks were observed for $O2

�, and peaks 1, 2, 4, and 6 were higher than peaks 3 and 5 (Figure 5C, red dashed line).

Both FS@TiO2–Co and FeCoRu@SiO2–TiO2 produced these peaks for $O2
�. The UV-visible results (Figure S4) showed that light in the UV

and visible regions (l < 800 nm) could be absorbed by FeCoRu@SiO2–TiO2.
48 Previous studies have shown that the band gap of anatase

TiO2 (3.23 eV) is larger than the band gap of FeCoRu@SiO2–TiO2. For FeCoRu@SiO2–TiO2, the absorption region is shifted toward a longer

wavelength to allow for a UV and visible light response, which shows that modification with Ru and Co can reduce the band gap of

FS@TiO2–Co. These results show the FeCoRu@SiO2–TiO2 system absorbs the full spectrum of light and produces $O2
� as a critical inter-

mediate.49 Comparing the black solid lines of FS@TiO2–Co and FeCoRu@SiO2–TiO2, it is not difficult to find that FS@TiO2–Co has

more miscellaneous peaks than FeCoRu@SiO2–TiO2. According to the experiment results, the existence of miscellaneous peaks

Figure 3. XRD and XPS spectra of catalysts

(A) X-ray powder diffraction patterns of four catalysts prepared by the sol-gel method (FS@TiO2, FS@TiO2–Bi, FS@TiO2–Ce, and FS@TiO2–Co).

(B–K) (B) and (C) X-ray powder diffraction patterns of eight catalysts prepared by the co-precipitation method [(B): FeCoBi@SiO2, FeCoBi@SiO2–TiO2,

FeCoCe@SiO2, and FeCoCe@SiO2–TiO2; (C): FeCoCu@SiO2, FeCoCu@SiO2–TiO2, FeCoRu@SiO2, and FeCoRu@SiO2–TiO2]. Standards: Fe3O4(magnetite),

PDF#75–0449; Bi2O3, PDF#78–1793; Ce2O3, PDF#78–0484; Co3O4, PDF#73–1701; CuO, PDF#45–0937, and RuO2, PDF#02–1365. XPS spectra of O 1s (D), C 1s

and Ru 3d (E), Co 2p (F), and Ti 2p (G) in FeCoRu@SiO2–TiO2. XPS spectra of O 1s (H), Cu 2p (I), Co 2p (J), Ti 2p (K) in FeCoCu@SiO2–TiO2.
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has negative impact to lignin model depolymerization which shows the radical aroused properties of FeCoRu@SiO2–TiO2 more than

FS@TiO2–Co.

Effect of reaction conditions on lignin model compound depolymerization

Photocatalysis of lignin was carried out under different conditions (Figure 5). The FeCoRu@SiO2–TiO2 (92.57%) catalyst gave a higher depo-

lymerization efficiency (Figure 5A) than the other catalysts (Figures 5C–5E), which had efficiencies of 87.36% for FeCoCu@SiO2–TiO2, 88.75%

for FeCoCe@SiO2–TiO2, 81.73% for FeCoBi@SiO2–TiO2, 61.05% for FS@TiO2–Bi, 57.83% for FS@TiO2–Ce, and 68.03% for FS@TiO2–Co. The

high Co content in the catalyst would be beneficial for breaking of the lignin C-O and C-C bonds.50 The maximum yield of lignin model com-

pound depolymerization products obtained with the FeCoRu@SiO2–TiO2 catalyst could be attributed to the presence of Ru, which enhanced

C-O bond cleavage.51 Theminimum yield of lignin model compound depolymerization products was found in the reaction without a catalyst.

For the catalytic oxidative depolymerization of lignin, catalysts synthesized by co-precipitation gave higher depolymerization rates than those

synthesized by the sol-gel method.

A photocatalytic study was carried out with different solvents (methanol, ethanol, acetonitrile, dimethylformamide, water, and acetone

[selected based on the previous researchwhich showeda longest electron/holes lifetime52]). Depolymerization efficiencies of lignin with these

solvents were evaluated at 60�C with irradiation at 230 W for 6 h. The results showed that the best solvent was acetone (Figure 5B). The min-

imumdepolymerization efficiency occurred in water because of the poor solubility of lignin in this solvent, which indicated that good solubility

was important for lignin degradation. The ligninmodel compound (2-phenoxy-1-phenylethanol) has a relatively low solubility inmethanol and

ethanol comparing to acetone. We take equal 2-phenoxy-1-phenylethanol (0.1000 G 0.0020 g) in 20 mL methanol, ethanol, acetonitrile, di-

methylformamide, water, and acetone. Standing for 5 h at room temperature, acetonitrile, dimethylformamide, and acetone can dissolve all

lignin model compound. Combining with the depolymerization efficiency and HPLC-MS results, the results match the research of Qiu, Xueq-

ing group,53,54 Xiao, Rui group,55,56 and Liu, Yunquan group.57–59 All of the HPLC-MS results were shown in Figures 5C–5E.

The effects of different reaction conditions on lignin model compound depolymerization were investigated using HPLC-MS (Figures S5–

S7). When the reaction time was increased from 1 h (44.495%) to 5 h (92.57%), the lignin model compound depolymerization efficiency

increased (Figure 6A). The depolymerization efficiency at 1 h with the FeCoRu@SiO2–TiO2 catalyst was 44.49%, which was higher than that

obtained without a catalyst (Figure 6A). When the reaction timewas increased to 5 h, the depolymerization efficiency of lignin with the catalyst

increased to 92.57%. With further increases in the reaction time to 6 or 7 h, the depolymerization efficiency did not show any further large

Figure 4. VSM spectra of catalysts and EPR spectra of FS@TiO2-Co and FeCoRu@SiO2-TiO2

(A) Vibrating Sample Magnetometer (VSM) magnetization curves of Fe3O4, FS@TiO2, and FS@TiO2–Co catalysts.

(B) VSM magnetization curves of FeCoRu, FeCoRu@SiO2, and FeCoRu@SiO2–TiO2.

(C and D) Electron paramagnetic resonance spectra of samples (black solid line) containing FS@TiO2–Co (C) and FeCoRu@SiO2–TiO2 (D). Simulated (red dashed

line) electron paramagnetic resonance spectra of DMPO/$O2
�.
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increases compared with that at 5 h. The results explained that with the time increase, reaction arrived at best depolymerization efficiency at 5

h. Therefore, 5 h reaction time was optimum for the lignin model compound depolymerization in lab condition. On the basis, further

increasing the reaction was waste of electrical energy. However, at the natural light, we may need a longer time. Besides, if real lignin is

used, we need a confirmed best time because the lignin depolymerization products monomers would reaggregate with the time increase.

The reaction was also conducted at different temperatures (30�C, 40�C, 50�C, 60�C, and 70�C). Increasing the reaction time from 30�C
(32.498%) to 60�C (92.57%) greatly increased the lignin model compound depolymerization efficiency (Figure 6B). A small reduction in the

depolymerization efficiency was observed when the temperature was increased to 70�C. To find the reason of low depolymerization lignin

model compound efficiency at 70�C, we proceeded with a new experiment with a researcher observing the whole process. We found two

possible reasons, which are as follows. (1) O2 content: boiling point of acetone was 57�C. At 70�C, the solution appeared violently boiling

phenomenon which would exorcise a part of O2 from reactor results to reduce of O2 content. Because of the violently boiling phenomenon,

another proof was that the solution after reaction was only about 18.0 mL which verified the gas escapes in reaction process. Additionally,

acetone steam was a challenge for the reactor tightness. (2) Radical and lignin model compound: because the solution was in a very unstable

state, the radical was quickly quenched before touching the ligninmodel compound which reduced the efficiency of radical. The highest tem-

perature we testedwas 70�Cbecausewewould need amore airtight reactor to conduct the reaction at 80�C. Furthermore, high temperatures

are not suitable for mild depolymerization.

Light irradiation at 140, 180, 210, 238, and 280Wwas investigated for the ligninmodel compound depolymerization (Figure 6C). The depo-

lymerization efficiency greatly increased from 61.52% at 140W to 87.56% at 210W. The depolymerization efficiency then decreased to 85.40%

at 280 W. These results could be attributed to the photocatalyst properties.

According to these results, subsequent experiments were carried out with FeCoRu@SiO2-TiO2 under the following conditions: 60�C, 5 h,

210 W, and acetone as the solvent.

As shown in Figure 6D (before the reaction) and E (after the degradation) at the best conditions, it could clearly be seen that the reaction

degraded the b-O-4 linkage (Figure 6F) quantitatively as the characteristic signals in the heteronuclear single quantum coherence (HSQC)

almost disappeared. Ab signal was still present, but only a part significantly reduced signal intensity. According to the previous research,60–65

the B1 was in accordancewith the phenol, and theCa andCbwere in accordancewith the acetophenone. Combining theHPLC standard curve

(thementionedmethod was provided in supplementary materials: The plotting of HPLC standard curve), we obtained the final products yield

(phenol [55.6%] and acetophenone [32.8%) and lignin model compound depolymerization efficiency.

Figure 5. Screening of catalysts and solvents

(A–E) Effect of reaction conditions with different catalysts (A) and solvents (B) on the depolymerization efficiency, and high-performance liquid chromatography

mass spectrometry results with different catalysts. Different solution of HPLC-MS after reaction, (C) FeCoRu@SiO2–TiO2, FeCoCu@SiO2–TiO2, FeCoCe@SiO2–

TiO2, FeCoBi@SiO2–TiO2; (D) FeCoRu@SiO2, FeCoCu@SiO2, FeCoCe@SiO2, FeCoBi@SiO2; (E) FS@TiO2–Bi, FS@TiO2–Ce, FS@TiO2–Co.
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The radical mechanism of lignin model compound depolymerization

We investigated if DMPO/$O2
� adducts were detected with the different catalysts. DMPO/$O2� adduct showed the classic six peaks, and its

characteristics showed that 3 and 5 peak were lower than 1, 2, 4, 6 peaks. DMPO/$OH adduct showed the classic quartet peaks, and its char-

acteristics showed the ratio was 1: 2: 2: 1. The spectra of FS@SiO2–Co showed superoxide radical66 lines at 1 and 3 h, whereas FS@SiO2–Bi and

FS@SiO2–Ce did not, which confirmed that Co gave a better response (Figure S8). Among the four co-precipitation catalysts, FeCoBi@SiO2–

TiO2 and FeCoCe@SiO2–TiO2 showed the best depolymerization efficiencies because they contained Co (Figure S8). FeCoCu@SiO2–TiO2

produced hydroxyl radicals, which are stronger oxidants than OH but have a shorter lifetime. These results showed that CoOx and RuOx

doping was beneficial for production of $O2
�, and that $OH was produced with CuOx doping. For FeCoRu@SiO2–TiO2, $O2

� production

was measured at 1, 2, 3, and 4 h. The FeCoRu@SiO2–TiO2 catalyst was selected for further investigation.

Because of the results presented in Figures 4C and 4D, real-time EPR was applied to investigate the radical signal strength at different

reaction times. At 0 h without simulated sunlight, the photocatalyst did not produce radicals (Figure S9). At 2 h, in the radical initiation phase,

a faint $O2
� signal was observed (Figure S9). As the time was gradually increased, the $O2

� signal increased until it reached amaximum at 4 h

(Figure S9). According to Figure S10, at 0 h without simulated sunlight, the photocatalyst did not produce radicals (Figure S10). At 1 h, in the

radical initiation phase, an obvious $OH signal was observed (Figure S10). As the timewas gradually increased, the $O2
� signal increased until

it reached a maximum at 5 h (Figure S10). But at 3 h and 6 h, the existence of many miscellaneous peaks had a negative impact to reaction.

Comparing the results between FeCoRu@SiO2–TiO2 and FeCoCu@SiO2–TiO2, we could find that the $O2
� radical was superior to $OH. The

firstly possible result was that the $O2
� had a long life than $OHwhich could have a long action time in reaction. The secondly possible result

was that in the middle time of reaction, miscellaneous peaks disturbed the reaction mechanism of $OH.

According to the depolymerization efficiency and EPR results, we developed a possible mechanism for conversion of lignin containing

the b-O-4 structure to aromatic monomers by the co-precipitation catalyst (Figure 7A).67 All reactions were carried out in the customized

dark chamber (Figure 7B). In the first phase, under simulated sunlight, the O2 in the environment was oxidized by photogenerated holes on

the photocatalyst surface, which formed $O2
� that could attack C-O bonds to form benzyl radical intermediates.68 With bond energy

decreasing from 55 to 7.8 kcal/mol, the benzyl radical intermediates were quickly broken to give the products.68 In the second phase,

Figure 6. Single-factor anlysis of lignin model compound depolymerization

(A–F) Single-factor experiments for lignin model compound depolymerization: reaction time (A), temperature (B), and light intensity (C). 2D-NMR HSQC

spectrum (in DMSO-d6) of lignin model compound; (D) before and (E) after 5 h reaction time; (F) exemplary structures for the b-O-4 aryl ether linkages (A),

phenol (B) and acetophenone (C).
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when the O2 in the solvent was exhausted, the content of $O2
� decreased and the EPR signals of other radicals increased. The new radicals

produced in system not only promoted lignin model compound depolymerization but also curbed the positive reaction,67 which was

directly reflected in the depolymerization efficiency. This photocatalytic cleavage of the lignin b-O-4 bond under mild conditions will

have significance in engineering.

Conclusions

We successfully designed a series of microsphere catalysts using Fe3O4 and different metals. The Fe3O4 was used to make the catalyst

magnetic, and SiO2 was used as a coating to protect the Fe3O4 and other metal oxides from oxidation. Three metals (Co, Ce, and Bi)

were evaluated, and the CoOx-doped catalyst prepared by the sol-gel method performed better than the CeOx-doped and BiOx-doped

catalysts. The results for these catalysts showed that the load of metal need to be increased and that it was very difficult to obtain a high

depolymerization rate with a single metal catalyst. The co-precipitation method was used to successfully introduce two metals to the catalyst

to utilize visible light, while retaining TiO2 to absorb ultraviolet light. With this core-shell structure, we obtained a lignin model compound

depolymerization rate of approximately 90%.

A photocatalytic oxidation mechanism illustrating the importance of $O2
� was proposed. According to comparison of the different cat-

alysts, the $O2
� maybe the key to oxide lignin model compound depolymerization. We anticipate that these magnetic microsphere catalysts

containing Co or Ru will provide a new strategy for selective cleavage of the lignin b-O-4 bond under mild conditions.

Limitations of the study

In this paper, we research the photocatalytic cleavage of b-O-4 bond. As is well known, high value-added lignin utilization still has a long way

to go. We can further study the complex lignin model compound, such as lignin trimer model compound and real lignin. In future research,

selectively breaking the C-O/C-C bond in real lignin is the key to obtain target chemicals. Additionally, to date, photocatalysts have been

deeply developed. However, the efficiency selectivity of lignin depolymerization over full-spectrum light phototcatalysts is still low. A photo-

catalyst, which is more inexpensive, efficient, and stable, should be further developed.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information for resources and regents could be directed to and will be fulfilled by the lead contact, Chunhui Ma (mchmchmchmch@

163.com).

Materials availability

This study does not generate new unique reagents.

Data and code availability

All requested data is available in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Experimental details

The photocatalytic reaction was carried out in a reactor with a capacity of 50 mL. The reactor was equipped with a super thermostatic water

circulation system for maintaining the temperature. A 230W xenon lamp was used for irradiation with full-spectrum light to simulate sunlight.

The quartz reactor had one port for withdrawal of the sample. Additionally, the system was coupled with a mechanical stirrer for constant

mixing of reactants.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Absolute ethanol Aladdin CAS: 64-17-5

Tetrabutyl titanate Aladdin CAS:5593-70-4

Tetraethyl orthosilicate Aladdin CAS:78-10-4

5,5-dimethyl-1-pyrroline N-oxide (DMPO) Aladdin CAS:3317-61-1

2-phenoxy-1-phenylethanol Aladdin CAS:60-12-8

Cobalt nitrate hexahydrate Macklin CAS:10026-22-9

Iron (II, III) oxide Macklin CAS:1309-37-1

Bismuth (III) nitrate pentahydrate Macklin CAS:10035-06-0

Cerium (III) nitrate hexahydrate Macklin CAS:10108-73-3

Copper nitrate trihydrate Macklin CAS:10031-43-3

Ruthenium (III) chloride hydrate Macklin CAS:14898-67-0

Acetone Macklin CAS:67-64-1

Other

X-ray Diffractometer (XRD) Rigaku Ultima IV

Scanning Electron Microscope (SEM) FEI Inspect F50 instrument

Energy Dispersive Spectroscopy (EDS) EDAX Octane system

X-ray Photoelectron Spectroscopy (XPS) Axis UltraDLD (Kratos)

Transmission Electron Microscope (TEM) FEI Talos F200x

Fourier Transform Infrared Spectroscopy (FT-

IR)

IS10 (Nicolet)

Ultraviolet–visible Spectroscopy (UV-vis) UV-2450 (Shimadzu)

Electron Paramagnanetic Resonance (EPR) Bruker ELEXSYS II E 500
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Depolymerization experiment details of lignin model compound

A dark chamber was prepared for photocatalytic depolymerization of lignin model compound. Hot water was circulated using a water pump,

which controlled the reaction temperature. A quartz kettle was used for the reaction. The kettle had a sampling port, a stirring plug for setting

tetrafluoro stirring rod, stirring paddle, and water port for temperature control. Full-spectrum light (HPRS-PEC250, Zhongjiaojinyuan) was re-

flected into the quartz reaction kettle by a reflector.

Characterization details

XRD was conducted using a Rigaku Ultima IV X-ray diffractometer with Cu Ka radiation (1.5418 nm) at 40 kV and 40 mA. SEM was performed

using a FEI Inspect F50 instrument, and energy dispersive spectroscopy (EDS) was performed using an EDAXOctane system. In situ XPS char-

acterization was conducted using an Axis UltraDLD (Kratos) equipped with an Al Ka excitation source (1486.6 eV) and with C as the internal

standard (C 1s = 284.80 eV). TEM was conducted using a FEI Talos F200x. FT-IR was conducted using a IS10 (Nicolet) with smart iTR attach-

ment and the testing wavelength from 400 to 4000 cm�1. UV-vis was conducted using a UV-2450 (Shimadzu) and the testing wavelength from

200 to 800 cm�1.

$O2
� free radical experiments details

Our studies with metal oxides suggested that $O2
� was likely generated during the reaction. DMPO was used to detect $O2

�. EPR was per-

formed at room temperature using a Bruker ELEXSYS II E 500. Real-time detection method: When the temperature arriving to 60�C, before
light irradiation, taking 0.1 mL 2-phenoxy-1-phenylethanol solution and mixing with 0.1 mL DMPO solution (concentration:1 mg/mL, DMPO

solution was prepared in advance) as 0 h sample. After light irradiation, taking 0.1mL reaction solution interval every 1 h until 7 h reaction time.

Finally, using the same method of 0 h sample, 8 samples (0 h, 1 h, 2 h,3 h, 4 h, 5 h, 6 h, 7 h) were obtained. It was worth noting that the EPR

testing equipment should be near our reaction system to ensure every sample to be detected within 3 min.
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