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1. Background Information and Literature Summary

1.1. A brief introduction to lignin and its valorization
The world-wide energy crisis and related environmental concerns have motivated extensive research interest on biomass 
conversion.[1] The carbon-neutral and inedible lignocellulose is the most abundant form of biomass, with a global production of about 
170 billion metric tons per year.[2,3] It has been widely accepted to be a promising alternative to fossil resources for the production of 
bio-derived fuels, chemicals, and materials through biorefinery.[4] In order to make an industrial scale biorefinery process cost-
competitive, it is essential to valorize all the three components of lignocellulose: cellulose, hemicellulose, and lignin.[5,6] However, 
current biorefinery process focuses on the transformation of the two carbohydrate components, cellulose and hemicellulose, leaving 
lignin far underutilized and environmental hazardous.[6]

Lignin is a complex three-dimensional macromolecule that holds the raw lignocellulosic matrix together and adds strength and 
rigidity to the system.[1,4] It is an amorphous and water-insoluble aromatic polymer composed of three primary units: sinapyl, coniferyl, 
and p-coumaryl alcohols, which are also known as syringyl (S), guaiacyl (G), and p-hydroxy-phenyl (H) units, respectively.[4] Lignin 
monolignols are predominantly cross-linked by C-O bonds, including β-O-4, α-O-4, and 4-O-5 ether linkages, and additionally by C-C 
bonds.[7] Scheme S1a presents the typical lignin structure and linkages with the amount of each linkage.[6,8] In Scheme S1a, ppu 
means a phenylpropane unit which is the typical aromatic unit in lignin because all the three monolignols contain a phenyl group and 
a propyl side-chain. Due to the highly-functionalized and aromatic nature, lignin presents the potential for the direct preparation of 
aromatic platform chemicals and more valuable specialty and fine chemicals.[9] It is the only naturally occurred renewable aromatic 
source in large-volume and has been recognized as the promising candidate to produce value-added aromatics.[10] Selective 
cleavage of these linkages, especially the dominate C-O ether linkages, through various catalysis procedures, is essential to achieve 
the valorization of lignin and production of aromatic chemicals.[11] Although extensive efforts have been paid on this research topic 
recently, it remains a great challenge to obtain satisfactory yield of desired aromatic products under mild conditions.[2,6,8] Therefore, it 
is necessary to intensively study the selective bond cleavage of each linkage to generate new knowledge on bond properties and 
their cleavage mechanisms.[6] Lignin dimer models which mimic lignin linkages are recognized as good choices for fundamentally 
studying the selective bond cleavage. Scheme S1b presents five commonly used dimer model compounds mimicking the three C-O 
ether linkages. 2-Phenylethyl phenyl ether (PPE), benzyl phenyl ether (BPE), and diphenyl ether (DPE) are the simplest dimer 
models without substitutions for the β-O-4, α-O-4, and 4-O-5 linkages, respectively. They are widely adopted to fundamentally study 
the selective cleavage of C-O ether linkages in lignin, because more complex substitutions hardly influence the principal chemistry.[12-

15] The other two β-O-4 model compounds, 2-phenoxy-1-phenylethanol (PP-ol) and 2-phenoxy-1-phenylethanone (PP-one), which 
bears Cα alcohol and Cα ketone, respectively, are also commonly used. This is because the two substitutes at Cα position have been 
proven to affect the cleavage of β-O-4 linkage significantly in several catalysis systems.[16-18] 

For further information, please refer to some of the recently published excellent review articles.[1,2,4,5,6,8,9,11]

Scheme S1. Lignin and dimer model compounds
(A) A representative lignin structure displaying typical C-O (in blue) and C-C (in red) linkages with the amount of each linkage in softwood and hardwood lignin.[6,8] 
(B) Typical dimer model compounds which mimic three type lignin C-O ether linkages.[12-18]

1.2. A literature summary on hydrogenolysis of aryl ethers in lignin
Selective hydrogenolysis of aryl ether (Caryl-O) bonds in lignin is one of the most promising methods to produce value-added aromatic 
chemicals from lignin.[19] Table S1 presents the recently reported catalysts and their performance in catalyzing the hydrogenolysis of 
aryl ether bonds in lignin.[13-15,20-34] Among various precious (Ru, Rh, Pd) and non-precious (Ni, Fe) metal catalysts, Ni is the most 
promising one. Although its activity is moderate, the low-cost Ni generally shows higher selectivity towards hydrogenolysis than 
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precious metals, which will facilitate the production of aromatics rather than the undesired saturated products.[7] Since the seminal 
work by Sergeev and Hartwig in 2011[26], various Ni catalysts have been developed. However, it remains a great challenge to achieve 
the selective hydrogenolysis of aryl ether bonds without de-aromatization under mild conditions. In the present study, we cleaved the 
three aryl ether bonds at very mild conditions with excellent conversion and good to excellent selectivity using a robust Ni/ZrO2 
catalyst and visible light (Table S1, Entry 51-56). For the α-O-4 model, BPE and two β-O-4 models, PP-ol and PP-one, both excellent 
conversion and high selectivity can be obtained at room temperature (Table S1, Entry 51,54-56).

Table S1. Representative results for hydrogenolysis of lignin model compounds using various catalysts.

Entry Catalysts Reaction conditions Reactant Conversion (%) TOF (h-1) Yield (%)a Ref.

Catalysts containing precious metals

1 Ru-W/AC n-hexane, H2 0.7 MPa, 260 °C, 10 h BPE 99.7 N.A. 78.2 [20]

2 Rh NPs 100 10b 0

3 NiOx/Rh NPs
10 mol% NPs, H2O, 10 bar H2, 60 °C, 1 h BPE

66 6.6b 65
[21]

4 Pd-Ni@ZrO2 NaBH4, ethanol, 80 °C, 6 h PP-ol 100 0.75b 96 [22]

5 BPE 100 2.03b >99

6 PPE 75 1.42b 70

7

Pd/Ni isopropanol, H2 10 bar, 210 °C, 90 min

DPE 73 1.61b 53

[15]

8 isopropanol, 120 °C, 10 h BPE >99 2.02b 52

9 isopropanol, NaOtBu, 180 °C, 24 h PPE >99 0.84b 56

10 isopropanol, 120 °C, 10 h DPE >99 2.02b 33.2

11

Ru/C

isopropanol, 150 °C, 10 h PP-ol 66.7 1.35b 26

[23]

12 Pd/Fe3O4 isopropanol, N2 10 bar, 240 °C, 6 h BPE 100 13.2c 100 [24]

13 BPE 74

14
Ru15Ni85, H2O, H2 1 atm, 95 °C, 16 h

PPE 55

15 Ru60Ni40, H2O, H2 1 atm, 95 °C, 16 h DPE 28

16 PP-ol 53

17

Ru-Ni (CTAB) NPs

Ru15Ni85, H2O, H2 1 atm, 95 °C, 16 h
PP-one

>99 1.25b

57

18 BPE 100 1.25b 90

19
Rh15Ni85, H2O, H2 1 atm, 95 °C, 16 h

PPE 97 1.21b 80

20 Rh60Ni40, H2O, H2 1 atm, 95 °C, 16 h DPE >99 1.25b 20.5

21 PP-ol >99 1.25b 80

22

Rh-Ni (CTAB) NPs

Rh15Ni85, H2O, H2 1 atm, 95 °C, 16 h
PP-one 100 1.25b 90

[14]

23 methanol, H2 0.5 MPa, 120 °C, 2 h BPE 100 3.01b 95

24 methanol, H2 3 MPa, 250 °C, 3 h PPE 86.2 0.40b 36.4

25

Ni-Ru/AC

methanol, H2 4 MPa, 250 °C, 3 h DPE 86.4 0.47b 33

[25]

Catalysts based on non-precious metals

26 Ni carbene complex 5-20% Ni(COD)2, 10-40% SIPr·HCl, NaOtBu, m-
xylene, 120 °C, 16 h, H2 (1 bar at r.t.)

DPE 100 0.31 99 [26]

27 Ni/C 0.5 mol% Ni, NaOtBu, m-xylene, 180 °C, 24 h, H2 (1 
bar at 22 °C)

DPE >99 8.33d 99 [27]

28 DPE N.A. N.A. 98.5

29
Heterogeneous “Fe” 20 mol% Fe, LiAlH4, toluene, 140 °C, 24 h

PP-ol N.A. N.A. 59
[28]

30 TiN-Ni ethanol, 12 bar H2, 125 °C, 0.5 mL/min BPE >99 0.33d 99 [29]
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31 PPE >99 0.20d 54

32
ethanol, 12 bar H2, 150 °C, 0.3 mL/min

DPE 99 0.10d 46

33 H2O, tetra-n-butylammonium bromide (TBAB), 
KOtBu, 6 bar H2, 90 °C, 20 h

BPE 99 2.1d 98

34 PPE 99 2.1d 95

35

Ni@SiC
H2O, tetra-n-butylammonium bromide (TBAB), 
KOtBu, 6 bar H2, 120 °C, 20 h DPE 96 0.7d 93

[30]

36 BPE 76 N.A. 71

37 PPE 82 N.A. 79

38

Ni@IRMOF-74(II) p-xylene, 10 bar H2, 120 °C, 16 h

DPE 34 N.A. 29

[13]

39 BPE 100 0.86d 39

40
isopropanol, La(OTf)3, 20 bar H2, 120 °C, 2 h

PPE 100 0.86d 38

41

NiAlOx

isopropanol, La(OTf)3, 20 bar H2, 130 °C, 2 h DPE N.A. N.A. 41.5

[31]

42 1:1 water-THF, 2 MPa H2, 240 °C, 12 h BPE 99 N.A. 95

43 1:1 water-THF, 2 MPa H2, 290 °C, 6 h PPE N.A. N.A. 3

44 PP-ol N.A. N.A. 43

45

Fe-L1/C-800

1:1 water-THF, 2 MPa H2, 240 °C, 12 h
PP-one >99 N.A. 97

[32]

46 BPE 100 16.7d 54

47
heptane, 1 bar H2, 140 °C, 6 h

PPE 96 16.0d 55

48

TiIII2TiIV6-NiH

heptane, 1 bar H2, 160 °C, 6 h DPE 97 16.2d 40

[33]

49 isopropanol, N2 10 bar, 100 °C, 48 h BPE 100 0.10d 94

50
Ni/Al2O3

isopropanol, N2 10 bar, 150 °C, 12 h DPE 100 0.40d 37
[34]

51 2-butanol, N2H4·H2O, r.t., 13 h, LED 0.5 W·cm-2 BPE 99 0.13d 96

52 2-butanol, N2H4·H2O, 80 °C, 13 h, LED 0.5 W·cm-2 PPE 95 0.12d 90

53 isopropanol, N2H4·H2O, 100 °C, 12 h, LED 0.5 
W·cm-2

DPE 95 0.13d 82

54 2-butanol, N2H4·H2O, r.t., 15 h, LED 0.5 W·cm-2 96 0.11d 96

55 2-butanol, N2H4·H2O, r.t., 40 h, sunlight
PP-ol

95 0.04d 95

56

Ni/ZrO2

2-butanol, N2H4·H2O, r.t., 15 h, LED 0.5 W·cm-2 PP-one 95 0.11d 95

This 
study

aHere presents the carbon yield of aromatic monomers. 
bTOF is calculated based on the total amount of metal. 
cTOF is calculated based on the total amount of Pd. 
dTOF is calculated based on the total amount of Ni.

1.3. A literature summary on photocatalytic cleavage of aryl ethers in lignin
Photocatalytic cleavage of aryl ether (Caryl-O) bonds in lignin is of high potential to achieve solar-to-chemical conversion and lignin 
valorization simultaneously.[35] Table S2 presents the performance of recently reported typical photocatalytic procedures for the 
cleavage of PP-ol.[17,18,36-38] These photocatalytic procedures, which contain oxidation-hydrogenolysis tandem method, self-hydrogen 
transfer hydrogenolysis method, and electron-hole coupled photoredox method, are only validate for cleaving β-O-4 bond with the 
presence of Cα alcohol using ZnIn2S4 or CdS based semiconductors (Table S2, Entry 1-6). In the present study, we employed more 
robust Ni nanoparticles supported on ZrO2 as photocatalysts and developed a direct hydrogenolysis method by light-driven catalysis 
(Table S2, Entry 7,8). This method was effective in the selective cleavage of all the three types of aryl C-O bonds (See Table S1, 
Entry 51-56). When natural conditions (room temperature and sunlight) were used, PP-ol was also effectively cleaved with 95% yield 
of aromatic monomers (Table S2, Entry 8).

Table S2. Performance of typical photocatalytic procedures for the cleavage of PP-ol.

Carbon yield (%)
Entry Reaction procedure Catalysts Reaction conditions Conversion 

(%) TOF (h-1)
2 3 4 5 6

Ref.
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1
ethanol, NaOAc, O2, 5.6 W LED 
(455 nm for 28 h, then 365 nm for 
5 h)

94 N.A. - 40 43 - -

2

A photocatalytic 
oxidation-
hydrogenolysis tandem 
method in one pot via a 
dual light wavelength 
switching strategy

Pd/ZnIn2S4 
(455 nm), 
TiO2 (365 
nm) ethanol, NaOAc, O2, a mixed light 

source of 2.8 W 455 and 365 nm 
LED, 28 h

97 N.A. - 42 48 - -

[36]

3 ZnIn2S4
CH3CN, 9.6 W LEDs (455 nm), 42 
°C, 4 h >99 2.12a 6 39 47 - - [37]

4

A photocatalytic self-
hydrogen transfer 
hydrogenolysis method Ni/CdS CH3CN/0.1 M KOH (v/v = 2/8), 8 W 

blue LED (440-460 nm), 3 h >99 0.98b - 43 57 - - [38]

5 CdS QDs CH3CN, N2, 300 W Xe lamp (λ ≥ 
420 nm), 3 h 99 0.48 - 40 52 - - [17]

6

An electron-hole 
coupled photoredox 
mechanism based on a 
Cα radical intermediate Ag2S@CdS CH3CN, 1 atm Ar, 6 W 450 nm 

LED, 30 °C, 3 h 99 2.30c 4 41 52 - - [18]

7 2-butanol, N2H4·H2O, r.t., 15 h, 
LED (400-740 nm) 0.5 W·cm-2 96 0.11b - 46 - 43 7

8

A photocatalytic 
hydrogenolysis 
procedure

Ni/ZrO2

2-butanol, N2H4·H2O, r.t., 40 h, 
sunlight 95 0.04b - 46 - 44 5

This 
study

aTOF is calculated based on the total amount of Zn. 
bTOF is calculated based on the total amount of Ni. 
cTOF is calculated based on the total amount of CdS.

1.4. A brief introduction to light-driven chemical transformations on metal nanoparticles
Metal nanoparticles have been widely used as heterogeneous catalysts for a number of industrially important reactions such as 
partial oxidation, hydrogenation, reforming, and coupling reactions.[39-41] High temperatures are usually required to overcome the 
activation energy barrier. Introducing light to drive these reactions on the surface of metal nanoparticles at mild conditions have 
caused a surge of interest recently.[42,43] Light can induce the excitation of energetic charge carriers into the adsorbed reactants, 
which serves as an alternative mechanism for activating chemical bonds on metal surface.[39,42] Based on this mechanism, the 
reaction process on metal surface can be tuned by specifically targeting electronic excitations which preferentially active the desired 
reaction pathways.[39,44-46] This unique feature of light-driven chemical transformations on metal nanoparticles is very useful to avoid 
the unselective formation of by-products and wastes in the traditional heat-driven reactions.[39,47] Light can also enhance the surface 
reactions through the photothermal effect only with a very strong intensity which is orders of magnitude higher than that of 
sunlight.[40,48,49] Several simple experimental procedures, such as analyzing the dependence of photocatalytic activity on the light 
intensity and wavelength, have been adopted to detect the contribution of the photothermal effect in light-driven reactions.[50]

As a new family of photocatalysts, metal nanoparticles exhibit fundamentally different behavior compared with the traditional 
semiconductor photocatalysts.[51] This comes from the fact that metal possesses a continuous energy structure while semiconductor 
has a band gap.[52,53] For the photocatalytic reactions on metal nanoparticles driven by light-induced energetic charge carriers, 
positive dependence of quantum efficiency and reaction rate on light intensity and temperature has been observed.[42,43,51,54] While for 
the photocatalytic reactions on semiconductors, higher light intensity generally leads to lower quantum efficiency, and higher 
temperature will cause an increased rate of electron-hole pair recombination and thus restrict the surface reactions.[55,56] Therefore, 
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the ability to effectively couple thermal and photonic stimuli to drive chemical transformations makes metal nanoparticles superior to 
the conventional semiconductor photocatalysts in solar-to-chemical conversion.[47,51,57] Another advantage of metal nanoparticle 
photocatalysts over semiconductor photocatalysts is the reaction process can be tuned on metal nanoparticles by varying the 
photoexcitation energy rather than be strongly restricted by the energy gaps of semiconductors.[45,47,53]

Light-driven chemical transformations on metal nanoparticles originate from the light absorption by metal nanoparticles either though 
the localized surface plasmon resonance (LSPR) or interband transitions.[42,54] Photoexcitation with whichever absorption mode 
(plasmon excitation or interband excitation) generates energetic charge carriers (hot electrons), which will migrate to the lowest 
unoccupied molecular orbitals of the adsorbed molecules to activate chemical bonds and induce surface reactions if the hot electrons 
have sufficient energy (Scheme S2A).[42,46] Nevertheless, when strong chemisorption of molecules on the metal surface occurs, the 
hybridization of the molecular orbitals and the metal orbitals will generate different highest occupied molecular orbitals (HOMO) and 
lowest unoccupied molecular orbitals (LUMO). This will facilitate the light absorption by the direct photoexcitation which excites the 
electrons at the HOMO level into the LUMO level and activate chemical bonds to induce surface reactions (Scheme S2B).[42,46] A 
experimental signature of the light-driven reactions initialed by the direct photoexcitation of electrons in the hybrid orbitals is the 
unusual action spectrum where the light enhanced activities at different wavelengths do not follow the light absorption spectrum of 
the metal nanoparticles.[58] This is a useful tool to distinguish the direct photoexcitation from the more commonly observed indirect 
photoexcitation.

Scheme S2. Sketches of different photoexcitation modes of light-driven chemical transformations on metal nanoparticles: (A) light absorption by metal 
nanoparticles and indirect photoexcitation and (B) light absorption by a metal-adsorbate complex through direct photoexcitation.[42,46]

Among various transition metals, the three coinage metals, Au, Ag, and Cu, exhibit obvious LSPR in the visible range and are 
typically regarded as the plasmonic metals.[39] Other transition metals, such as Pt, Pd, and Ni, are non-plasmonic metals. LSPR is a 
typical intraband transitions, which are accessible with visible light photons for all transition metals. For the plasmonic metal, the d 
band lies below the Fermi level (Ef), and only high-energy photons can induce interband d-to-s excitations for these metals (Scheme 
S3A).[39] Ag has a full d band that lies well below the Fermi level and d-to-s interband excitations cannot occur in Ag under visible light. 
While for Au and Cu, the energy of the d band is higher compared with Ag, and visible light photons above a specific threshold 
energy are able to induce d-to-s interband excitations. Therefore, for the visible-light-driven chemical transformations on Au and Cu 
nanoparticles, interband transitions will play a non-negligible role in addition to plasmonic excitation.[54] In the case of non-plasmonic 
metals, the d band is not completely full and intersects the Fermi level (Scheme S3B) allowing for d-to-s interband excitations to 
occur throughout the UV-visible range.[39,54] The interband transitions in the non-plasmonic metals strongly damp the LSPR effect and 
broaden the LSPR absorption band of these metals.[54] Therefore, for the visible-light-driven chemical transformations on non-
plasmonic nanoparticles, interband transitions are expected to play the dominant role.[57,59]

Scheme S3. Sketches of the representative density of states of a plasmonic metal (A) and non-plasmonic transition metal (B).[39]
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LSPR is a strong light-matter interaction which allows the plasmonic metal nanoparticles to concentrate the light energy near their 
surface.[54,60] Plasmonic Au, Ag, and Cu nanoparticles or multicomponent plasmonic nanocatalysts which contain at least one of the 
plasmonic metal as light absorption antenna are the most studied photocatalysts for the light-driven chemical transformations.[61-65] In 
general, light absorption through interband transitions is weaker than by LSPR. Nevertheless, non-plasmonic Pt group metal 
nanoparticles have been demonstrated to be effective in driving organic transformations using visible light, such as dehydrogenation, 
partial oxidation, cross-coupling, and Fischer-Tropsch synthesis reactions.[57,59] Other than these Pt group metals, the non-plasmonic 
and non-precious metals, such as Ni, Co, and Fe, are also recognized as industrially important catalysts. However, until now, the use 
of light irradiation to enhance the efficiency of organic transformations with non-plasmonic and non-precious metal nanoparticles has 
been largely overlooked. Developing photocatalysts using these metals will obviously expand the field of green photocatalysis and 
help to achieve theoretical breakthrough in the uncovered light-driven mechanism on non-plasmonic and non-precious metal 
nanoparticles.

For more information on the underlying physical mechanisms, plasmonic and nonplasmonic photocatalysts, catalysis applications, 
and outlook of this hot topic, please refer to some of the excellent reviews.[39,42,43,50,54,60,61,62,66]
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2. Experimental Procedures

Materials and chemicals. Zirconium(IV) oxide nanopowder (ZrO2, < 100 nm), nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, ≥ 98.5%), 
sodium borohydride (NaBH4, ≥ 98.0%), anhydrous 2-butanol (99.5%), benzyl phenyl ether (98%), diphenyl ether (99%), anhydrous 
benzene (≥ 99.0%), anhydrous toluene (99.8%), anhydrous ethylbenzene (99.8%), acetophenone (≥ 99%), 1-phenylethanol (98%), 
phenol (≥ 99%), cyclohexanol (99%), 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO), phenyl-N-tert-butylnitrone (PBN, ≥ 98%), and 
anhydrous n-decane (≥ 99%) were purchased from Sigma-Aldrich. 2-Phenylethyl phenyl ether (≥ 95%), 2-(2-methoxyphenoxy)-1-(4-
methoxyphenyl)propane-1,3-diol (97%), and 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (96%) were 
purchased from Ark Pharm, Inc. (USA). 2-Phenoxy-1-phenylethanol (98%), 2-phenoxy-1-phenylethanone (> 98.0%), anhydrous 
ruthenium(III) chloride (RuCl3, Ru content 45-55%), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, AR, Pt ≥ 37.5%), and palladium 
chloride (PdCl2, 99.999% metals basis) were purchased from Aladdin (Shanghai, China). Ammonium sulfate ((NH4)2SO4, AR, ≥ 
99.0%), hydrazine hydrate (N2H4·H2O, AR, ≥ 80%), anhydrous methanol (AR, ≥ 99.5%), anhydrous ethanol (≥ 99.8%), isopropanol 
(AR), n-butanol (AR), and isobutanol (AR) were provided by Beijing Chemical Works (China). 1-(4-Hydroxy-3-methoxyphenyl)-2-(2-
methoxyphenoxy)propane-1,3-diol (> 97.0%) and dealkaline lignin (Product No. L0045) was purchased from TCI Chemicals. 
Deionized water was used throughout the experiments. All the chemicals were used without further purification.

Synthesis of catalysts. ZrO2 supported Ni nanocatalysts (Ni/ZrO2, 9.09 wt.%) were prepared by an impregnation-reduction method. 
1.0 g ZrO2 nanopowder was dispersed into 50 mL aqueous solution of Ni(NO3)2·6H2O (0.034 mol·L-1) with magnetic stirring at room 
temperature for 30 min. 10 mL of freshly prepared NaBH4 aqueous solution (1.75 mol·L-1) was added dropwise in 20 min. After stirred 
for another 30 min, the suspension was allowed to age overnight. Then, the wet catalyst was separated by centrifugation (6000 rpm, 
5 min), washed with deionized water (three times) and anhydrous ethanol (once), and finally dried at 40 °C under vacuum for 24 h. 
Finally, the dried catalyst was reduced in flowing H2:Ar (1:9, v/v) mixture (200 mL·min-1) for 0.5 h at 600 °C at a heating ramp of 10 
°C·min-1. Reducing temperatures of 400, 500, 700, and 800 °C were also used and these resulting catalysts were denoted as Ni/ZrO2 

(T) according to the reducing temperature. ZrO2 supported Ru, Pd, and Pt nanocatalysts (Ru/ZrO2, Pd/ZrO2, Pt/ZrO2, 9.09 wt.%) were 
also synthesized by the similar impregnation-reduction method without thermal reducing by H2 using their respective metal precursors.

Characterization of catalysts. The exact Ni content of Ni/ZrO2 catalysts was determined on an Agilent 725 inductively coupled plasma 
optical emission spectrometer (ICP-OES). To obtain dissolved samples, Ni/ZrO2 catalysts were mixed with concentrated H2SO4 (98%) 
and (NH4)2SO4 in a 150 mL PTFE lined hydrothermal autoclave reactor and heated at 180 °C for 10 h. 
The fraction of Ni metal in Ni/ZrO2 catalysts (FNi(0)) was determined by H2 temperature-programmed reduction (H2-TPR) method[67] on 
a Micrometric AutoChem II 2920 chemisorption instrument. About 100 mg of unreduced Ni/ZrO2 or reduced Ni/ZrO2(T) catalysts were 
sealed in a quartz tube reactor and pretreated under Ar atmosphere at 300 °C for 1 h. After cooled down to 50 °C, H2-TPR was 
conducted in flowing H2:Ar (1:9, v/v) mixture (300 mL·min-1) to 900 mL·min-1 at a heating ramp of 10 °C·min-1. The amount of H2 
consumed was recorded by the equipped thermal conductivity detector (TCD). The fraction of Ni metal in each Ni/ZrO2 catalyst was 
calculated based on the amount of H2 consumed by

FNi(0) =  
CH - total -  CH
CH - total

 ×  100 %

where CH-total, CH are the total H2 consumption of the unreduced Ni/ZrO2 sample and the H2 consumption of the reduced Ni/ZrO2 
catalyst, respectively.
The surface Ni chemical state of Ni/ZrO2 catalysts was analyzed by X-ray photoelectron spectroscopy (XPS) on a Thermo ESCALAB 
250Xi instrument with a monochromatized Al Kα line source. The energy scales of all spectra were calibrated using the C 1s level at 
the binding energy of 284.8 eV as a reference. By quantitatively analyzing the surface nickel chemical states, the fraction of Ni metal 
at the surface (FNi(0)-S) of each reduced Ni/ZrO2 catalyst can be obtained.
The particle size and morphology of Ni/ZrO2 catalysts were characterized on a FEI Tecnai G2 F20 field emission transmission 
electron microscope (FE-TEM). The theoretical dispersion of metal Ni (D, %) can be estimated using the Ni particle size (d, nm) 
measured from TEM images, based on spherical model[68,69]:

D  =  
6M

d ∙ NA ∙ ρ ∙ σ
 ×  100 %

where M is the molecular weight of Ni, NA is the Avogadro’s number, ρ is the metal density of Ni, σ is the atomic cross-sectional area 
of Ni which equals to 6.494 Å2. This equation is simplified to D (%) = 101/d (nm), by substituting these values.
The absorption spectra of Ni/ZrO2 catalysts were collected on a Varian Cary 5000 spectrometer (with UV-3150 UV-Vis 
spectrophotometer equipped with an integrating sphere using BaSO4 as the reference.

Photocatalytic reactions. Scheme S4 presents the experimental setups. A 10 mL borosilicate glass tube (φ = 16 mm, ASONE) was 
used as the reaction container. In a typical reaction, after being charged with the photocatalyst (20 mg), reactant (0.05 mmol), 
additive (hydrazine hydrate 0.05 mmol, 1 equiv.), and solvent (2 mL), the tube was filled with argon and sealed with a polypropylene 
screw cap with a silicone gasket. Then the reaction mixture was stirred magnetically and irradiated by a PerfectLight PLS-LED100B 
LED light source (spectral output in the range of 400-800 nm, Figure S1) to conduct the photocatalytic reactions. The reaction 
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temperature was carefully controlled in an oil bath by a Shanghai Sile S10-3 magnetic stirrer with heating module. For these 
reactions which were conducted at room temperature (no external heating), the reaction temperature fluctuated slightly during the 
reaction as recorded on a FLIR E4 thermal camera (Figure S2). Photocatalytic action spectrum was obtained by carrying out 
reactions at several specific wavelengths using a 300 W Xenon lamp (CEL-HXF300, Beijing China Education Au-light Co., Ltd.) 
equipped with several monochromatic filters. The photocatalytic hydrogenolysis of PP-ol was also conducted using sunlight directly at 
ambient condition on a Kylin-Bell TS-100 horizontal shaker in late July in Beijing where temperature was 32-35 °C, solar irradiation 
intensity on the reactor surface was 32-40 mW·cm2. All the dark reactions were carried out with the tube wrapped with aluminum foil 
to avoid exposure of the reaction to light while other conditions maintained identical. Initial reaction rate (r) was determined by 
controlling the reaction conditions to obtain a conversion of below 30%. All the reactions were carried out at least three times to 
obtain the reproducible results. For photocatalyst recycling experiments, after each cycle, the tested photocatalyst was collected by 
centrifugation, washed thoroughly with anhydrous ethanol twice, dried at 40 °C under vacuum, and then reduced at 600 °C for 0.5 h 
for the subsequent reaction.
After a certain time, 0.5 mL of the reaction solution was collected and then filtered through a Millipore filter (0.45 μm) to remove the 
solid photocatalyst particulates. The products were identified by a Shimadzu GCMS-QP2010 instrument and were quantitatively 
analyzed on a Shimadzu GC-2014C gas chromatography using external standard method. Conversion is defined as the amount of 
reactant converted during the reaction divided by the total amount of the reactant, multiplied by 100%. Selectivity and yield of a 
specific product presented are based on the number of C atoms,[12] unless otherwise specified. Selectivity is defined as the number of 
C atoms in the product of interest divided by the total number of C atoms in the products, multiplied by 100%, and yield is defined as 
the number of C atoms in the product of interest divided by the number of C atoms in the reactant, multiplied by 100%. Turnover 
frequency (TOF) is defined as the converted reactants per mol of surface Ni active site per hour, unless otherwise specified. The 
amount of surface Ni active sites is determined based on Ni dispersion (D) and the fraction of Ni metal at the surface (FNi(0)-S). The 
apparent activation energy (Ea) of each reaction can be obtained using the Arrhenius equation:

K =  A ∙ exp( -
Ea
R ∙ T

)

where K is the rate constant which is expressed as the initial TOF in this study, A is pre-exponential constant factor, R is the gas 
constant, and T is the absolute temperature.
The photocatalytic apparent quantum efficiency (AQE) is defined as the number of converted reactant molecules induced by light per 
unit time per incident photon,[47] which can be expressed as

AQE =  
(rlight -  rdark) ∙ NA ∙ h ∙ c

I ∙ A ∙ λ
 × 100%

where rlight and rdark are the initial rates of light and dark reactions, respectively, NA is Avogadro’s constant, h is Planck’s constant, c is 
the speed of light in vacuum, I is the intensity of the monochromatic light, A is the irradiation area, which is equal to 2.95 × 10−4 m2, 
and λ is the wavelength of the monochromatic light.

Scheme S4. Experimental setups of light, dark, and sunlight reactions.
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Figure S1. The output spectral distribution of the LED light source.

 
Figure S2. Temperature fluctuation recorded on a thermal camera during the hydrogenolysis of BPE catalyzed by Ni/ZrO2 (Table S3, Entry 5). 
The images obtained at the beginning of the reaction are also given as examples. 
The presented temperature value of each timepoint is the average value of three test points as shown in the thermal image (Bx1, Bx2, Bx3).

Photocatalytic cleavage of complex β-O-4 model compounds. Three complex β-O-4 model compounds, 2-(2-methoxyphenoxy)-1-(4-
methoxyphenyl)propane-1,3-diol (MMP), 1-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (HMMP), and 1-(4-
hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (HDMP), were also employed for photocatalytic cleavage 
study. The reactions were conducted using the same method as described above with the reaction conditions: reactant 0.05 mmol, 2-
butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), 0.5 W·cm-2 intensity of LED light. After reaction, 0.5 mL of 
the reaction solution was collected and then filtered through a Millipore filter (0.45 μm) to remove the solid photocatalyst particulates. 
Then, 50 μL of an internal standard solution (n-decane in 2-butanol, 10 mg·mL-1) was added. The aromatic monomer products were 
identified by GC-MS and quantified by GC-FID based on the internal standard. Yield of a monomer product is defined as the weight 
of this product divided by the weight of the reactant, multiplied by 100%.

Photocatalytic depolymerization of lignin sample. A commercially available dealkaline lignin sample from TCI Chemicals (Product No. 
L0045) was used for the photocatalytic depolymerization study. It was prepared by TCI from needle-leaved trees and broad-leaved 
trees through the treatment of sodium sulfite followed by the chemical modifications such as partial desulfonation, oxidation, 
hydrolysis and demethylation, as shown at https://www.tcichemicals.com/IN/en/p/L0045. Specifications of the dealkaline lignin 
sample are also provided at this site which contain appearance, methoxyl group, water, ignition residue (sulfate), and pH. It has a 
high molecular weight and is contaminated with Na and S.[70,71] Deepa and Dhepe determined the molecular weight of this lignin 
sample to be 60,000 g·mol-1 (Mn) by MALDI-TOF.[70] Shu et al. determined the molecular weights of this lignin sample to be 58,449 
g·mol-1 (Mn) and 81,776 g·mol-1 (Mw) by GPC.[a29] They also analyzed the element compositions of this lignin sample and 
determined its molecular formula to be C9H11.78O6.27N0.03S0.31Na0.48.[71] We tried to analyze the structure of this lignin sample on a 500 
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MHz nuclear magnetic resonance (NMR) spectrometer (Bruker AVANCE III HD500) using the same method reported by Nandiwale 
et al.[72] and the two-dimensional (2D) 1H-13C HSQC (heteronuclear single quantum correlation) NMR spectra are given below. The 
chemical shifts in the region of 3-5 ppm (1H) and 50-90 ppm (13C) are attributed to the β−β, β-O-4, β-5, and α-O-4 interunit linkages in 
lignin. Within this region, the peaks observed between 3.2-4.2 ppm (1H) and 56-58 ppm (13C) are attributed to the different methoxy 
linkages of the syringyl and guaiacyl subunits. Other two regions correspond to the aliphatic and aromatic subunits as shown in 
Figure S3. However, we failed to calculate the relative contents of C9 units and the interunit linkages because some of the typical 
linkages in lignin are missing. This might happen during the complex chemical treatment processes.

Figure S3. 2D HSQC NMR (DMSO-d6) spectra of dealkaline lignin.

The solubility of the dealkaline lignin sample in water and various hydrogen-donating alcohol solvents (Table S6) was tested using 
the following procedure: 100 mg of lignin sample was added into 5 mL of the tested solvent, followed by ultrasonic treatment for 20 
min and heating at 60 °C for 4 h. After that, the partially dissolved samples were centrifuged to remove the solid, dried at 60 °C for 8 
h to remove the solvents, and weighted. Results showed that the lignin sample was fully dissolved in water and methanol, partially 
dissolved in ethanol (2.01 mg·mL-1), and not dissolved in others. The photocatalytic depolymerization of lignin sample was conducted 
using the same method as described above. The reaction conditions are: 3 mL solution of lignin in methanol (5 mg·mL-1), 30 mg 
Ni/ZrO2 as photocatalyst, 4.5 μL hydrazine hydrate as additive, 0.5 W·cm-2 intensity of LED light, 80 °C, 35 h. After reaction, the 
mixture of two sets of parallel reaction was collected and then filtered through a Millipore filter (0.45 μm) to remove the solid 
photocatalyst particulates. Then the obtained solution was concentrated to about 1 mL. Before analysis, 10 μL of an internal standard 
solution (n-decane in methanol, 10 mg·mL-1) was added. The aromatic monomer products were identified by GC-MS and quantified 
by GC-FID based on the internal standard (n-decane) and the effective carbon number (ECN) method.[17,73] Yield of a monomer 
product is defined as the weight of this product divided by the weight of lignin sample, multiplied by 100%.
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3. Results and Discussion

3.1. Effect of hydrazine hydrate on the hydrogenolysis of BPE catalyzed by Ni/ZrO2

We first conducted the hydrogenolysis of BPE without any additives at 60 °C. After 2 h, 98% conversion of BPE and 96% selectivity 
towards aromatic monomer products, toluene and phenol, was achieved under visible light irradiation (Table S3, Entry 1). However, 
when this reaction was conducted under dark, only 3% conversion of BPE was observed (Table S3, Entry 2). Then we added 1 equiv. 
of hydrazine hydrate into this reaction, and found this additive was effective in promoting the activity of Ni/ZrO2 and enabled this 
reaction to occur at room temperature (Figure S2) under both visible light and dark conditions (Table S3, Entry 3-6). Control 
experiments without adding the Ni/ZrO2 photocatalyst showed no conversion of BPE, illustrating that hydrazine hydrate did not react 
with BPE directly (Table S3, Entry 7&8). Reducing the amount of hydrazine hydrate to 5 μmol (0.1 equiv.) did not affect the 
hydrogenolysis of BPE, and sodium borohydride was more effective than hydrazine hydrate as less time was needed to obtain the 
similar conversion of BPE when sodium borohydride was added (Table S3, Entry 9-12). Further kinetics study in the presence of 
different amounts of hydrazine hydrate showed that the reaction progress was not affected when the amount of hydrazine hydrate 
ranging from 5 μmol (0.1 equiv.) to 0.1 mmol (2.0 equiv.) (Figure S4). 

Table S3. Effects of additives on the hydrogenolysis of BPE catalyzed by Ni/ZrO2.

Reaction conditionsa Selectivity (%)
Entry

Temperature (°C) Time (h) Light condition
Additive Conversion (%)

1 2 3

1 Visible light 98 55 41 4

2
60 2

Dark 3 54 46 0

3 Visible light 0 N.D.b N.D. N.D.

4
r.t. 13

Dark

None

0 N.D. N.D. N.D.

5 Visible light 99 54 43 3

6
r.t. 13

Dark
N2H4·H2O, 0.05 mmol (1.0 equiv.)

30 55 45 0

7c Visible light 0 N.D. N.D. N.D.

8c
r.t. 13

Dark
N2H4·H2O, 0.05 mmol (1.0 equiv.)

0 N.D. N.D. N.D.

9 Visible light 99 54 43 3

10
r.t. 12

Dark
N2H4·H2O, 5 μmol (0.1 equiv.)

27 54 46 0

11 Visible light 95 55 41 4

12
r.t. 4

Dark
NaBH4, 5 μmol (0.1 equiv.)

50 56 43 1

aOther conditions: BPE 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, 0.5 W·cm-2 intensity of LED light. 
bN.D. = Not detected.
cControl experiments without adding Ni/ZrO2.

Figure S4. Kinetics profiles for the hydrogenolysis of BPE catalyzed by Ni/ZrO2 using different amount of hydrazine hydrate. 
Reaction conditions: BPE 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, 0.3 W·cm-2 intensity of LED light, 50 °C.
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The above results suggest that the two commonly used reducing agents, hydrazine hydrate and sodium borohydride can remove 
oxygen to generate reactive metal surface.[74] To study the effect of hydrazine hydrate on the properties of the Ni/ZrO2, we conducted 
XPS, UV-vis absorption, and H2-TPR characterizations. The treatment conditions are given in Table S4 and Ni2p3/2 spectra and UV-
vis absorption spectra are shown in Figure S5. As shown in Figure S5A, the spectra of the four sample treated with hydrazine hydrate 
(4#, 5#, 8#, 9#) present an enhanced band at about 852 eV when compared with the spectra of the original Ni/ZrO2 sample (0#). 
Further calculating the fraction of Ni metal at surface showed that the amount of metallic Ni increased obviously after the treatment 
with hydrazine hydrate (Table S4). As metallic Ni serves as the active site for the hydrogenolysis of BPE (see Figure 1), adding 
hydrazine hydrate into the reaction mixture will increase the amount of active site and accelerate the reaction. The average diameter 
of Ni nanoparticles was 6.4 nm (Figure S5d) and the exact Ni content of Ni/ZrO2 was determined to be 8.66 ± 0.14 wt.% by ICP-OES, 
the theoretical amount of surface Ni was calculate to be 4.7 μmol based on spherical model[68,69]. Therefore, 0.1 equiv. of hydrazine 
hydrate was sufficient to activate these surface Ni sites during the reaction (Figure S4). Neither inducing visible light nor increasing 
reaction temperature activated the surface of Ni as hydrazine hydrate did (Table S4). However, both visible light and higher 
temperature enhanced the photocatalytic performance (Table S3). This is because Ni nanoparticles can effectively couple thermal 
and light stimuli to drive chemical transformations, as we demonstrated in the introduction and light-driven mechanism sections. 
Furthermore, H2-TPR analysis showed that the fraction of Ni metal in bulk was not affected by the treatment with hydrazine hydrate 
(Table S4). The light absorption property of the Ni/ZrO2 catalyst was also not affected during the reaction as shown in Figure S5B.

Table S4. The fraction of Ni metal in the Ni/ZrO2 catalyst treated by hydrazine hydrate.a

Treatment conditions
Entry Sample number

Temperature (°C) Time (h) Light condition Additive

FNi(0)-S determined 
by XPSb

FNi(0) determined 
by H2-TPR

1c 0# - - - - 40.56 94.55

2 1# Visible light 36.02 95.04

3 2#
r.t. 2

Dark
None

34.29 94.22

4 3# Visible light 55.55 94.32

5 4#
r.t. 2

Dark
N2H4·H2O, 0.05 mmol (1.0 equiv.)

52.01 93.78

6 5# Visible light 36.22 95.28

7 6#
60 0.5

Dark
None

35.83 93.92

8 7# Visible light 56.88 95.31

9 8#
60 0.5

Dark
N2H4·H2O, 0.05 mmol (1.0 equiv.)

55.12 94.63

aThe fraction of Ni metal in various Ni/ZrO2 catalysts in bulk and at surface was determined by H2-TPR and XPS, respectively.
bThe Ni/ZrO2 samples for XPS analysis were protected by Ar throughout the treatment and sample preparation processes in an anaerobic glovebox.
cThe 0# sample is the original Ni/ZrO2 catalyst without any treatment.
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Figure S5. Characterization of the Ni/ZrO2 catalyst treated by hydrazine hydrate: (A) Ni2p3/2 spectra and (B) UV-vis absorption spectra of Ni/ZrO2 dispersed in 2-
butanol (5 mg catalyst in 20 mL solvent).
The treatment conditions for each sample are given in Table S4.
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3.2. Photocatalytic hydrogenolysis of BPE by various catalysts
Other than Ni, ZrO2 supported nanocatalysts of Ru, Pt, and Pd were also tested for the hydrogenolysis of BPE. As shown in Table S5, 
Ru/ZrO2 and Pt/ZrO2 were also active for this reaction, although longer reaction time was used for Ru/ZrO2 and both higher 
temperature and longer time were used for Pt/ZrO2 than these for Ni/ZrO2 to obtain similar performance as Ni/ZrO2 under visible light. 
Moreover, both Ru/ZrO2 and Pt/ZrO2 showed visible light enhanced activity due to their interaction with visible light energy through 
interband transitions.[57] Then we studied the effect of oxygen gas on the activity of Ru/ZrO2 and Ni/ZrO2 by replacing argon by air. 
Results showed that Ni/ZrO2 was sensitive to oxygen and no reaction took place under air while Ru/ZrO2 was more resistance to 
oxygen with its catalytic performance less affected. We also studied the effect of hydrazine hydrate on the activity of Ru/ZrO2 and a 
moderate inhibition effect rather than promotion effect as in the case of Ni/ZrO2 was observed. This is because Ru nanoparticles 
were different from Ni nanoparticles which were always covered by a thin oxide layer, and hydrazine hydrate would not activate Ru 
during the reaction.

Table S5. Performance of various catalysts for the photocatalytic hydrogenolysis of BPE.

Reaction conditionsa Selectivity (%)
Entry Catalysts

Temperature (°C) Time (h) Atmosphere Light condition
Conversion (%)

1 2 3

1 Visible light 98 55 41 4

2
Ar

Dark 3 54 46 0

3 Visible light 0 N.D.b N.D. N.D.

4

Ni/ZrO2 60 2

Air
Dark 0 N.D. N.D. N.D.

5 Visible light 47 56 30 14

6
Ar

Dark 30 55 41 4

7 Visible light 40 56 31 13

8
Air

Dark 22 55 45 0

9c Visible light 35 55 34 11

10c

2

Ar
Dark 14 54 42 4

11 Visible light 98 56 26 18

12

Ru/ZrO2 60

7 Ar
Dark 52 56 32 12

13 Visible light 0 N.D. N.D. N.D.

14
60 2

Dark 0 N.D. N.D. N.D.

15 Visible light 99 55 42 3

16

Pt/ZrO2

80 7

Ar

Dark 36 56 44 0

17 Visible light 0 N.D. N.D. N.D.

18
60 2

Dark 0 N.D. N.D. N.D.

19 Visible light 0 N.D. N.D. N.D.

20

Pd/ZrO2

80 7

Ar

Dark 0 N.D. N.D. N.D.

aOther conditions: BPE 0.05 mmol, 2-butanol 2 mL, catalyst 20 mg, 0.5 W·cm-2 intensity of LED light. 
bN.D. = Not detected. 
cHydrazine hydrate (0.05 mmol, 1.0 equiv.) was added.
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3.3. Photocatalytic hydrogenolysis of BPE in various solvents
Various alcohol solvents were employed as hydrogen-donating solvents for the hydrogenolysis of BPE catalyzed by Ni/ZrO2.[34,75] As 
shown in Table S6, other than 2-butanol, isopropanol was also an efficient solvent for this reaction. In isopropanol, the 
hydrogenolysis occurred at room temperature under visible light irradiation, but the conversion of BPE obtained in it was lower that 
obtained in 2-butanol at the same conditions. In other solvents, this reaction could not happen at room temperature. When achieving 
similar conversion of BPE as in isopropanol (~30%), 70 °C and 7 h were needed in isobutanol, 80 °C and 12 h were needed in 
ethanol, 80 °C and 24 h were needed in n-butanol. Methanol was the least efficient solvent among them as the conversion of BPE in 
methanol was only 5% at 90 °C for 24 h. In summary, the efficiency of these hydrogen-donating solvents for this reaction decreases 
in the order 2-butanol > isopropanol > isobutanol > ethanol > n-butanol > methanol.

Table S6. Photocatalytic hydrogenolysis of BPE by Ni/ZrO2 in various alcohol solvents.

Reaction conditionsa Selectivity (%)
Entry Solvents

Temperature (°C) Time (h) Light condition
Conversion (%)

1 2 3

1 Visible light 5 58 42 0

2
Methanol 90 24

Dark 0 N.D.b N.D. N.D.

3 Visible light 29 48 52 0

4
Ethanol 80 12

Dark 0 N.D. N.D. N.D.

5 Visible light 30 48 52 0

6
Isopropanol r.t. 13

Dark 0 N.D. N.D. N.D.

7 Visible light 28 55 44 1

8
n-Butanol 80 24

Dark 0 N.D. N.D. N.D.

9 Visible light 99 54 43 3

10
2-Butanol r.t. 13

Dark 30 55 45 0

11 Visible light 29 47 53 0

12
Isobutanol 70 7

Dark 10 48 52 0

aOther conditions: BPE 0.05 mmol, solvent 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), 0.5 W·cm-2 intensity of LED light. 
bN.D. = Not detected.
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3.4. Quantification of the identified aromatic monomers from the photocatalytic depolymerization of dealkaline lignin

Table S7. Identified aromatic monomer products from the photocatalytic depolymerization of dealkaline lignin.

Monomer number Retention time (min) Monomer structure Systematic name CAS number ECN Yield (wt.%)

1 7.295 OH Phenol 108-95-2 5 0.43

2 8.790 O 1-Phenylethanone 98-62-2 7.25 0.22

3 9.036

OH

O 2-Methoxyphenol 90-05-1 5 3.09

4 10.584 O

HO

2-Methoxy-4-methylphenol 93-51-6 6 0.15

5 12.356

HO

O 2-Methoxy-4-vinylphenol 7786-61-0 7.15 0.14

6 12.814

O

HO
O 2,6-Dimethoxyphenol 91-10-1 5 0.07

7 13.552

HO

O
O

4-Hydroxy-3-
methoxybenzaldehyde

121-33-5 5 3.47

8 14.218

HO

O 2-Methoxy-4-(1-propenyl)-phenol 97-54-1 8.25 0.23

9 14.536

O

O
O

3,4-Dimethoxybenzaldehyde 120-14-9 6 0.12

10 14.684

HO

O
O 1-(4-Hydroxy-3-

methoxyphenyl)ethanone
498-02-2 6.25 1.16

11 14.881

HO

2,4-Bis(2-methyl-2-
propanyl)phenol

96-76-4 13 0.05

12 15.189

HO

O

O

1-(4-Hydroxy-3-
methoxyphenyl)acetone

2503-46-0 7.25 0.14

13 15.579

O

O
O 1-(3,4-

Dimethoxyphenyl)ethanone
1131-62-0 7.25 0.07

14 16.656

HO

O
OH

4-(3-Hydroxypropyl)-2-
methoxyphenol

2305-13-7 7.4 0.50
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Figure S6. GC analysis of the obtained product mixture from the photocatalytic depolymerization of dealkaline lignin showing the identified monomers with the 
inserted photographs of the dealkaline lignin solution and the product mixture.
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3.5. Characterization of Ni/ZrO2 catalysts
These Ni/ZrO2 catalysts which were thermally reduced by H2 at different temperatures as well as the unreduced Ni/ZrO2 catalyst were 
characterized by several techniques. Firstly, the particle size and morphology of ZrO2 supported Ni nanoparticles were characterized 
by TEM with the results given in Figure S7. In the TEM image of the unreduced Ni/ZrO2 catalyst, no Ni nanoparticles but amorphous 
Ni species were observed. After the thermal reducing treatment with flowing H2 gas, Ni nanoparticles of quasi-spherical morphology 
formed and uniformly dispersed on ZrO2 support. The particle size distribution of Ni nanoparticles was measured based on the 
obtained TEM images using ImageJ, which is an open source Java image processing program inspired by NIH Image.[76] As shown in 
Figure S7, the obtained Ni nanoparticles in all the five reduced samples had a narrow size distribution.[77] The average particle size of 
each catalyst was also provided in Figure S7, which illustrated that a reducing temperature higher than 700 °C would cause obvious 
particle size increase of Ni nanoparticles.

Figure S7. TEM images of Ni/ZrO2 catalysts with the inserted histogram of size distribution of Ni nanoparticles: (A) Ni/ZrO2 (unreduced), (B) Ni/ZrO2 (400), (C) 
Ni/ZrO2 (500), (D) Ni/ZrO2 (600), (E) Ni/ZrO2 (700), (F) Ni/ZrO2 (800).

The fraction of Ni metal in various Ni/ZrO2 catalysts in bulk and at surface was determined by H2-TPR and XPS, respectively. H2-TPR 
profiles of Ni/ZrO2 catalysts together with the calculated fraction of Ni metal were presented in Figure S8. The TPR profile of the 
unreduced Ni/ZrO2 catalyst showed a complex H2 consumption band ranging from 200 to 600 °C which was ascribed to the reducing 
of different Ni species in oxidation states.[78] The intensity of this band decreased gradually with raising the reducing temperature of 
Ni/ZrO2 catalysts from 400 to 600 °C. When the reducing temperature reached 600 °C, a nearly complete reducing of Ni was 
obtained. Further raising the temperature did not increase the fraction of Ni metal, which maintained at about 90% with the reducing 
temperature in the range of 600-800 °C. As a surface sensitive technique, XPS was used to analyze the surface Ni chemical state in 
the reduced Ni/ZrO2 catalysts. Ni2p3/2 spectra of the reduced Ni/ZrO2 catalysts show an extra band at about 852.5 eV when 
compared with that of the unreduced Ni/ZrO2 catalyst (Figure S9A), illustrating the formation of metallic Ni by the thermal reducing 
effect of H2.[79] In order to determine the fraction of Ni metal at the surface of each reduced Ni/ZrO2 catalyst, the fitting procedures 
proposed by Biesinger et al. was employed to quantitatively analyze the mixed nickel chemical states.[80] One specific example of 
Ni/ZrO2 (600) was given in Figure S9B illustrating the presence of metallic Ni, NiOOH, NiO, and Ni(OH)2 which possibly formed when 
the nickel catalyst exposed to air.[81] FNi(0)-S of Ni/ZrO2 (400), Ni/ZrO2 (500), Ni/ZrO2 (600), Ni/ZrO2 (700), and Ni/ZrO2 (800) was 
determined to be 16.00%, 28.45%, 40.02%, 42.50%, and 43.61%, respectively.
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Figure S8. H2-TPR profiles of Ni/ZrO2 catalysts with the inserted graph illustrating the dependence of the fraction of Ni metal on the reducing temperature.

Figure S9. XPS spectra of Ni/ZrO2 catalysts
(A) Ni2p3/2 spectra of various Ni/ZrO2 catalysts.
(B) Ni2p spectrum of Ni/ZrO2 (600) with deconvoluted peaks of Ni2p3/2 band.
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3.6. Initial rates or TOFs of photocatalytic hydrogenolysis of BPE or PPE under different light conditions and reaction 
temperatures
Both light and reaction temperature are key factors influencing photocatalytic reactions. For the currently studied light-driven catalysis 
on Ni Nanoparticles, the study on the effects of light intensity, wavelength, and reaction temperature will provide crucial insights into 
the light-induced mechanism.[82,83] These experimental procedures have been widely accepted to be simple but effective in 
distinguishing photothermal from hot-carrier processes.[50,84] Here we conducted several sets of reactions to obtain the initial rates of 
photocatalytic hydrogenolysis of BPE or PPE under different light conditions and reaction temperatures (Figure S10-S12). The 
conversions of all these reactions were below 30% and only the cleavage of Caryl-O bonds in BPE (or PPE) occurred to produce 
equimolar toluene (or ethylbenzene) and phenol. The dependence of the initial TOF of photocatalytic and thermocatalytic 
hydrogenolysis of PPE on the reaction temperature is also provided in Figure S13, based on which the apparent activation energy 
can be obtained by fitting the temperature-dependent TOF with the Arrhenius equation. For the hydrogenolysis of PPE, applying 
visible light with 0.5 W·cm-2 intensity induces a 27.8% decrease of the apparent activation energy on the Ni/ZrO2 catalyst.

Figure S10. Calculation of the initial reaction rates of photocatalytic hydrogenolysis of BPE under various intensities of visible light. 
Reaction conditions: BPE 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), 40 °C.

Figure S11. Calculation of the initial reaction rates of photocatalytic hydrogenolysis of BPE under different wavelengths. 
Reaction conditions: BPE 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), 60 °C.
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Figure S12. Calculation of the initial reaction rates of photocatalytic hydrogenolysis of BPE or PPE at different reaction temperatures
(A) BPE under 0.2 W·cm-2 intensity of LED light, (B) BPE under dark, (C) PPE under 0.5 W·cm-2 intensity of LED light, (D) PPE under dark. 
Reaction conditions: BPE or PPE 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.).

Figure S13. Initial TOF of photocatalytic and thermocatalytic hydrogenolysis of PPE as a function of reaction temperature with the obtained apparent activation 
energy values by fitting with the Arrhenius equation.
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3.7. Radical scavenger study
This redox-neutral cleavage of PP-ol can start with the generation of a Cα radical intermediate through the Cα−H bond scission,[17,18] 
or with the generation of PP-one intermediate through a reversible dehydrogenation of PP-ol at Cα position.[74] Wu et al. found that the 
Cα−H bond scission produced a radical intermediate with a much weaker ether C-O bond (BDE decreased by 85.8%) so that the 
ether bond cleavage of this intermediate could proceed under mild conditions.[17] So we further conducted control experiments using 
two radical scavengers, DMPO and PBN,[17,18] to investigate if the above mentioned radical mechanism is responsible for the 
photocatalytic cleavage of PP-ol. The results presented in Scheme S5 showed that neither DMPO nor PBN affected the 
photocatalytic cleavage of PP-ol, illustrating that this radical process can be ruled out.

Scheme S5. Effects of radical scavengers on the photocatalytic cleavage of PP-ol on Ni/ZrO2 under visible light irradiation. 
Reaction conditions: PP-ol 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), DMPO or PBN 0.05 mmol (1.0 equiv.), 0.5 
W·cm-2 intensity of LED light, r.t., 15 h.
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3.8. Kinetics study for the photocatalytic cleavage of PP-one
Kinetics profiles of the photocatalytic cleavage of PP-one under both visible light (Figure 4C) and dark (Figure 4D) conditions showed 
abrupt changes of PP-one and PP-ol. To further explore this phenomenon, here we show the changes of PP-one and PP-ol during 
the reaction under visible light (Figure S14A) and dark (Figure S14B), together with the change of phenol which indicates the 
cleavage of the β-O-4 linkage in dimer compounds. We also calculated the ratio of molar concentration of PP-ol to the sum of molar 
concentration of PP-ol and PP-one as given in Figure S14C. Under visible light irradiation, about 10% of PP-one was cleaved into 
monomers in the first hour, while the hydrogenation of PP-one to PP-ol did not occur. After that, a fast transformation of PP-one to 
PP-ol was observed during 1-2 hour and PP-ol accounted for 60% of the dimer compounds. Under dark condition, no PP-ol was 
formed during the first 6 hours, during which about 10% of PP-one was cleaved into monomers. In the following 3 hours, a fast 
transformation of PP-one to PP-ol was also observed and PP-ol accounted for 60% of the dimer compounds at the reaction time of 9 
h. These results indicated that under both visible light and dark conditions, a fast hydrogenation of PP-one to PP-ol catalyzed by 
Ni/ZrO2 took place after the initial stage of the reaction during which about 10% of PP-one was cleaved into its monomer products. 

Figure S14. Kinetics profiles of the photocatalytic cleavage of PP-one on Ni/ZrO2

(A) Yields of PP-one, PP-ol, and phenol during the reaction under visible light, (B) yields of these three substrates during the reaction under dark, (C) ratio of molar 
concentration of PP-ol to the sum of molar concentration of PP-ol and PP-one. 
Yield of a specific substance was calculated by dividing the molar concentration of the substance by the initial molar concentration of PP-one and multiplying by 
100%.
Reaction conditions: PP-one 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), r.t., 0.5 W·cm-2 intensity of LED light.
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3.9. Recycling of the Ni/ZrO2 catalyst
The recyclability of the Ni/ZrO2 catalyst was investigated for five successive cycles. Figure S15 presents the conversion of BPE and 
the selectivity of the two aromatic monomer products. After the first cycle, the conversion of BPE decreased by ~30% and maintained 
at about 70% for the following cycles. The selectivity did not show obvious changes during the recycling experiments. Several 
characterization techniques were employed to analyze the recycled catalysts. ICP-OES analysis showed that the exact Ni content of 
Ni/ZrO2 after five cycles was 8.46 ± 0.04 wt.%, which was very close to the original Ni content (8.66 ± 0.14 wt.%). TEM image of the 
Ni/ZrO2 catalyst after five cycles is provided in Figure S16A. The average size of Ni nanoparticles was determined to be 6.6 ± 1.2 nm, 
which meant Ni nanoparticles did not grow up obviously after recycled. Figure S16B shows the XPS spectra of the recycled Ni/ZrO2 
catalysts together with the fraction of Ni metal at the surface calculated using the fitting procedures mentioned above. In Figure S16B, 
Ni/ZrO2-X (X = I, II, III, IV, V) means the catalyst tested for cycle X, and Ni/ZrO2-X’ (X = I, II, III, IV, V) means the used Ni/ZrO2-X 
catalyst before the thermal reducing treatment. After the first cycle, the fraction of Ni metal at the surface decreased obviously from 
40.02% to 16.74% and then increased to 29.25% after the thermal reducing treatment. For the following cycles, the fraction of Ni 
metal at the surface could be kept at about 30% by the thermal reducing treatment. XPS results clearly demonstrated that the change 
of the surface content of Ni metal was responsible for the observed change of the photocatalytic performance as shown in Figure S15.
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Figure S15. Photocatalytic performance of Ni/ZrO2 for the hydrogenolysis of BPE during five successive cycles. 
Reaction conditions: BPE 0.05 mmol, 2-butanol 2 mL, Ni/ZrO2 20 mg, hydrazine hydrate 0.05 mmol (1.0 equiv.), 0.5 W·cm-2 intensity of LED light, r.t., 13 h.

Figure S16. Characterization of the recycled Ni/ZrO2 catalysts
(A) TEM image of the Ni/ZrO2 catalyst after five cycles with the inserted histogram of size distribution of Ni nanoparticles. 
(B) XPS spectra with the fraction of Ni metal at the surface.
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