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Abstract

With the development ahdustralization, the requiremeifor fossil fuelsis beconing more aw
morehuge andas a consequenciiieenvironment islegenerated by the combustioraxsil fuels
such as coahndpetroleum.There are twasourceghat are considered excellenandidategor
solving this problemOne of them is hydrogen energyeen, pollutioAree renewableand so on
featuresthathave attracted widespread attentidimother one, immass similar to fossil fuelin
ingredientsis awidely distrbuted and renewabt@rbonbasedsubstanceThe usage of biomass
has beemprovento be an effectivenethod tarelievetheimbalance of the global carbagcleand

can everachieve a negative carbon economy scenaribe future Among the composition of
lignocellulosic biomasghe special structurenakeslignin with bulk renewable aromatic groups
possessthe most potential for producing higlalue chemicals Achieving this promising
conversion processith more moderatand greemeactionconditionsis a key point tgropel the
development of ligniconversionPhotocatalgis is a technology that realizes a series of catalytic
reactiondy directly using endlessolar energyas a resourcthat has beerecognized as a green
and sustainable strateg¥herefore,applying photocatalysigo simultaneouslyachiee lignin
conversiorand hydrogen productiosill not only avoidharshcatalyticconditionsbut alscachieve
more efficient photaconversion of lignin. However, the high recombinationrate between
photogenerated electrons and hoiasfficient regulation of redox capacitye photostabilityof
photocatalystsand the complex structure of ligninrestrict the application of photocatalytic
technology in lignin photapgradingand hydrgen production by splitting wateFhereforejt is
necessary to design photocatalytic materials with better performance to overcomewhe ab
problemgo achieve more efficient hydrogen production and lignin ptarteersionin this work,
cadmium sulfide(CdS) with good photoresponse ability and suitable bandgap position was
selected as the bmgo study the photmnversionprocess oflignin and hydrogen evolution

performanceThe details are as follows:

(1) A homojunction structure@dSwith rich sulfur vacanciewassuccessfully synthesizday the
onepotsolvothermal method Nanoparticle structurezinc blade phase Cdfew onnanoprisms
structurechexagonal wurtzite phase CdBhe perfect lattice matching between these two phases
effectivelyguidesthe spatial separation of photogenerated electrons and Goid¢ke other hand,
with the assistance of rich sulfur vacancies, the -dedligned photocatalyst exhibited an



unprecedented hydrogen prii adtvalweaddedaghenblict y (€

compoundsverealso generated by decomposing kraft lignin

(2) UsingCdSas a baseayickel phosphide (NP)wasin-situgrownon the surface of CdS thygh
temperature phosphatirggrategy. Thentroductionof Ni2P created a synergistic effect between
Ni2P and CdS, which not only improved the ligasponse of CdS that enhanced photocarriers
generation but also optimized the redistribution of photogenerated electrons, therefi@dsli
exhibited anarvellousH; evolution activityca.199.1 mmol-h-g* with lactic acid Subsequently,
replacing thesubstrates to lignin, cellulosgnd hemicellulose, even the virgin biomass, significant
amounts of hydrogen and valadded compounds are produced ovesPNidS.In addition,
density functional theory (DFTgalculation was also applied teasonably revéaa possible

catalytic pathway.
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1. Introduction
1.1 Background

With the development othe world industrializationprocess the consumption ofossil fuels
presents aharpspiral. However,fossil fuel combustion hasrought a series of problems such as
sealevelsrising, global warming and acid rawhichare degrading our precious environmeyg.

a consequencehe exploitationof green and sustainable energy has becoma&gentappeal
Hydrogen energycompared withraditional fossil fuelsgisplays a lot of advantages. For example,

it can not onlygenerate mechanical work in a heat engine by combustibalso can be used as
an energy material for a fuel cell, or converted into solid hydrogen for use as a structural material.
In addition,hydrogen energy possessesigh specific energy density, wdh is three timeshan
gasoline! Currently, the most effective strategy to produegdrogen energy is electrolysis of
water, however, high energy congmption, high production costand nomrneutral reaction
conditionsrestrict its development.Lignocelluloseis composedby three basic compousd
cellulose, hemicellulge and ligninthe proportion of theseomponents varwill fluctuate with
different plant specie$Strategies to produce a variety of high vahuieled products from cellulose
and hemicellulose have been widely usedund the world such a=llulosic ethanglcellulosic

gel for medical anelectronic device&® Lignin is the only natural macromolecular polymer with
repeating aromatic units in nature, which is comprised of paracoumaryl alcohol-(H, p
hydroxyphenyl), coniferyl alcohol (G, guaiacyl) and sinapyl alcohol y@ngyl), therefore,
decomposing lignin to produce high value added aromatic compounds displays great potential for
fuels and platform chemicalsWhile scholarsare vigorously developing the application of
cellulose howeverlignin is directly discharged or simply burned as wastd@chcan be attributed

to the complex iad disordered molecular structuselignin that seriously hinders thggrading
lignin. In addition,at present, the utilization of lignin is still focused on kigmperature pyrolysis
and acidbase catalysis thatingtremendous burden the environment. Therefeyit is necessary

to exploitamore moderate methdd comvert lignin intovalue added chemicals.

The technology of using photocatalytic technology to split water into hydrogen has been developed
rapidly, since Dr. Fujishima Akiraand Dr. Kenichi Hondaroposed the photocatalytic theory in
the middle of the 20th centuPyCompared with thermal catalysteeenergy that photoexcited by



the photonwith specific wavelengtivelongs to the neequilibrium distributionjn addition, the
reaction conditions are milder aalbser to the ambient, which propel the development of applying
photocatalysis to selectively convert biomass into fine chemicals or chemical® fiils.
Theoretically,for thermal catalysisas shown in Figurda, the reaction energy barriewvill
obviously reduce fronka: to Ea2 andEaz by the interaction between catalysisd reactants, which
significantly changed the activity and selectivity of the entire catalytic protkssever, the
premiseof this catalysis is highemperatureit is worth noting thathe energyransferis non
selectivewhich meansill valuable functional groups lignocellulosichiomasswill be consumed
thereby reducing the selectivity tdrget produ& On the contranthe energy that initiated by
light over photocatalystsan not only overcome the energy barrier, but also selectively react with
specific functional group@=igurel1b). On the other hanghhotocatalytic reactions can sus&bly

and spontaneously generate redapable free radicathatgenerated by photoinduced electrons
and holes thus, there is no need to add additional reducing or oxidizing agents as in the

thermocatalytic reaction.

(@ T Unselective thermo-energy to )T . Selective solar energy

active all chemicals to active photocatalyst
S )
% L% hv

: E (+heat)
heat f -
B, i
B C @& azi H=JA . (+heat) E C & E C
Reaction course Reaction course
Figurel. The energymigration of(a) thermal catalysis and (b) photocatalysieproduced from
ref. 11

1.2 Introduction to lignin

Lignin is a water insoluble macromolecule and the major renewable source of aromatics available
in nature. Unlike cellulose and hemicellulose, lignin does not have adefeled sequence of
monomeric units and, depending on the biomass source, its chestnigeture can vary
significantly. Due to its recalcitrance and specific chemical structure three main challenges arises
when different valorization strategies should be considered: effective 1) lignin extraction from

biomass while maintaining its chemlicdructure, 2) lignin conversion into vakaelded products,
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and 3) coskffective lignin products recovery. The principal route explored for lignin valorization

is its conversion into aromatic compounds via depolymerization. Various methods have been
invested to depolymerizing lignin into phenolic chemicals such as acidAcasalgzed
depolymerizatiot? oxidative depolymerizatio®’ thermochemical depolymerizatidf,

hydrodeoxygenatiofisolvolysist® and supercritical depolymerizatiof.
1.2.1Composition and structure of lignin

Lignin is an amorphous biopolymer as showrFigure 2a, which is composed of three main
building blocks namely of paracoumaryl alcohol (Hhymroxyphenyl), coniferyl alcohol (G,
guaiacyl), and sinapyl alcohol (S, syring¥ijepicted in Figur@b. The ratios of these monomers

in lignin strongly fluctuate between plant sps, which affects the polymer branching, irueit

linkage abundance and the extent of cilodsng with the polysaccharide fractiolthe methoxy

group is a critical moiety to distinguish lignin units, characterized by its significant stability.
Cleavaye from the phenyl ring structure requires potent oxidizing agents. Among the three types
of lignin unitsi G, S, and H, the S unit has the highest number of methoxy substituents on the
phenyl ring, which leads to considerable steric hindrance that tegtnie modes of coupling
between units. In contrast, the G unit at the C5 position and the H unit at the C3/C5 positions lack
methoxy functional groups, thereby enabling a multitude of coupling reactions to takeliace.
addition, the carbonyl group in the lignin side chain can form conjugated structures with the phenyl
ring, which impacts the reactivity of the unit. Carbzarbon double bonds also affect the chemical
reactivity and physical adsorption properties ghinl® Therefore, the proportion between H, G

and S units can be used to differentiate the lignin speEmsinstance, softwood lignin is
exclusively composed of G units, whereas hardwood andhdeolis contain G plus S, and all
three units respectiveR). The complexity of lignin originates from the random connections of
these building blockgiad i f f er ent types of-O-4 h@b-fc@Sldndso nds ,
on (Figure2c).



OH OH OH
H (p-hydroxyphenyl) G (guaiacyl) S (syringyl)

Figure2. (a) Gené'\r‘al chemical ;é}ructure E)f lignin, (b) three basic units'é'ﬁd (c) existed linkages in
lignin.
Considering the recalcitrance of lignocellulosic biomassi{ne@ment is necessary to improve its
accessibility and corersion. Conventional biomass greatments (such as physical or physico
chemical prereatment) usually focus on effective delignification to maximize cellulose recovery.
During the prereatment process of lignocellulosic biomass, hash condition aréoysdpto
di ssociate lignin from the |ignocell ubbdsic
motifs within the lignin structure are fragmented into smaller molecules by high temperatures or
acidic conditions. However, as the duration of thetpratment extends, the cleaved chemical
bonds and highly active functional groups recondense by the formation of -cautirmm (CC)
and ether linkage®. Subsequently, these larger lignin molecular fragments may repolymerize to
generate a more complex and thermodynamically stable-lon&ssl structure. Notably, the
disintegration of this crodinked structure into smaller fragments presents a formiadialdenge,
representing the irreversible condensation of lignin. This process significantly impedes the
efficient transformation of lignin into valuable commodities such as biofuels and bioproducts, as
it renders lignin more resilient to enzymatic or cheahi degradation processes. Thus,
understanding and addressing lignin's irreversible condensation is of paramount importance in the
quest for effective lignocellulosic biomass conversion. The adverse effect of condensation can be
illustrated by its impactmthe theoretical monomer yield, which is roughly proportional to the
square of the fraction of cleavable intem i t et her -OB)FrCoreepofided) papr b
physicochemical properties of lignin that will impact downstream biomass conversion are

summarized in Table 1 belot®.



Tablel. Physicochemical properties of lignin and corresponded affection on lignocellulosic
biomass conversion.

Affection on Lignocellulosic Biomass

Characteristics ) Ref.
Conversion
Ratio between H, S, G units in lignin Variable 24
Proportion of GO and GC bonds, such as Posi t04e (b 25
Uo-4 ,-b bet c. Negat-B)ve (b
Positive (Aliphatic/Total OH) 2

Content of hydroxyl functional groups, such as guaiacyl OH etc. Negative (Phenolic OH)

Molecular weight Variable 2

Currently, the most available sources of lignin are commercials lignin (also denaedstsal
lignin), which are the condensed sources of lignin obtained from the pulp and papereadustr
Kraft lignin, lignosulfonates, soda lignin, organosolv ligrdre the most common types of
industrial lignin (Figure 3)?' Recent years lignifirst strategies have been explored in the
emerging biorefinery industry, with the goal of isolating higladui t y fnati veo
favorable structure (low degree of condensation) for further valorization.

Kraft lignin
Lignosulfonate lignin

Sulfur pathway

Soda lignin

Organosolv lignin
Sulfur-free pathway
M

Raw lignin
with polysaccharides

Lignin-first pathway
Figure3. Structure ofignocellulosic biomass and corresponded lignin based substrates
production via different extraction process.

1.2.2 Sulfur pathway

The kraft pulping, which produces more than 90% of all chemical pulps, performs delignification
by treating wood with aaqueous solution of NaOH and i$acalled white liquor and the obtained
lignin is in a solid form. The presence of HB white liquor improves the selectivity of pulping

by enhancing delignification rate. The Kraft lignin obtained from this process iy kigydensed,

containing a | owO-4boods ant incorporating sulfud in gne forr of thiol



groups. The condensation hampers its reactivity, while the sulfur content complicates its
downstream valorisation, since sulfur can poison a widgeaf catalysts. Therefore, most of the
lignin recovered from this process is incinerated for energy purposes. Beyond kraft pulping, sulfite
pulping is another major pulping technique which produces lignosulfonate lignin. The total
production of lignosutinate is about 1.8 million tons per year around the wé@udllfite pulping

is usually performed in acidic conditions in the presence of (bi) sulfite salts with either calcium or
magnesium as the counterion. During this puipg p r o ¢ e spositions ef dignih are e U
sulfonated which facilitates lignin solubilization. The resulting lignosulfonate are typically highly
degraded and soluble in water or highly polar organics solveRts3%as well as contains high

sulfur content (8%). As a consequence, lignosulfonhaes a great solubility at a wide range of

pH.
1.2.3 Sulfur-free pathway

Soda lignin is obtainedia soda pulping that proceeds similar process with kraft pulping apart

from the introduction of N&6. Due to the absence of a strong nucleophile it proceeds less
efficiently, but with the advantage of producing a suffee and high purity lignin, therefgreoda

lignin is a better precursor for functional biopolym&Ruring the whole process,ngnh ene |l i ¢ b
O-4 a +bthonds that existed in lignocellulosic based biomass will be broken, in another words,
more monomer or oligomer phenolic compounds are formed. Another-fedéutechnical lignin

product is organosollignin, which comes from organosolv pulping using organic solvents in
combination with mineral acids and/or water to treat biomass. The degree of delignification and
upcoming structural changes will directly depend on solvent system, severity of thesprade

nature of the acid catalyst applied. The lignin condensation reactions can be minimized by
conducting it under mild conditions. For example, some of the organosolv pulping process can
preserve up to 62% of t hWeThetstruCGural changes ik mdustral i n
lignin as well as solubility trends asammarized in Table 2. It's worth noting that pulping methods

result in a dramatic alteration of nature lignin chemical structure, numerous amounts of ether

bonds are broken and unnaturaC®onds are rearranged.



Table2. Techncal lignin properties.

Properties andStructural Changes

Type of Lignin Compared to Native Form

Soluble in alkali solution and in highly polar organic solvents. Increase®ir@ersubunit linkages.

Kraft Lignin Is estimated that 705% of thehydroxyl remained sulfonated.

Soluble in alkali solution and in highly polar organic solvents. Increase®friiersubunit linkages

Soda Lignin and sulfuffree.

Soluble in water/highly polar organics solvents. Highly condensed and with elevated sulfur ¢
ranging from 48%.

Soluble in organic solvents. Increase ofCCintersubunit linkages and sulfdree, rich in
Organosolv lignin functionality including penolics, exhibits a narrow polydispersity, and has limited carbohyc
contamination.

Lignosulfonate Lignin

1.2.4 Lignin-first pathway

Lignin-first processing is another method to is another route to separate lignin and can largely
improve the defects of the industrial lignin produced by the pulping methods (Figure 3). The
definition of ligninfirst is that using specific methods to extracts ligmonf plant cell wall
without damaging the original chemical structure of lighim, high yield of lignin or lignin
monomers with minimal condensation will be obtained by this methdeking reductive
catalytic fractionation (RCF) of ligotellulose as an example. It is a efficient approach to extract
lignin from lignocellulose and catalyze polymer lignin into the mononaea metal catalyst under
reductive atmospher®. There are threebasic steps: extraction, depolymerization and
stabilisation®® By using this method, the amount of@bonds is obvious reded, which results

in a higher yield of aromatic monom&fThe vital point for RCF is hydrogenolysis of ether bonds
and elimination of hydroxy groups although several catalytic mechanism are proposed. For
instance, Qiu et al. successfully usediBlearbon nanotube (CNT) to achieve efficient cleavage

of etherbonds in lignin from the hardwood substrate, moreover, Ru/@GW¥as also synthesized

to effectively preserve carbohydrate (both cellulose and hemicellulose) in solid pfoduct.
1.2.50ther pathway

Beyond the above process, there are some other uncommon strategies that can be used to extract
lignin from raw biomass. Generally, it can $&parated into two aspects: (1) Chemical extraction
processes. Acid and ionic liquids (ILs) pretreatments have been applied to extract lignin from raw
biomass® “°However, corrosion resistant and effective recycle method should be considered. (2)
Physical extraction processes. Steam explosion, ammonia dkpansion, liquid hot water,

grinding and so forth*** These physical methods also halrawbacks such as high energy
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consumption and toxicity. However, it's worth noting that compared to industrial lignin, the lignin
extracted through these methods exhibits higher purity and maintains the original molecular

structure of lignin as much asgsble.

In general, those fractionation methods implement active stabilisation mechanisms that prohibit
the lignin condensation, without compromising the structural integrity of the carbohydrates.
Therefore, before considering any conversion methodeitremely important to understand the
source of the lignin as well as its fractionating method, since both affect directly the reactivity
towards depolymerization and their chemical propeffigs] t h o u g4 bont is théd most
abundant lignin chemical bond in nature, it is not the sole factor that governs lignin
reactivity/applicability. Structural features such as other chemical bonds, thggdDpl content,
molecular weight, and the presermfeimpurities could also be an effect for the various lignin

application and conversion process that will be applied.
1.3 Introduction to photocatalysis

Photocatalysis is a catalytic process of chemical reaction with incident light as driven force and a
semiconductor as the catalyst. Specifically, when semiconductor photocatalyst is exposed to the
energy of light source that greater than or equal to its band gap energy, electrons will migrate from
valance band (VB) into conduction band (CB) and holesraatate on the valance band (VB).
Whereafter, electrons and holes move from the bulk to the surface of semiconductor photocatalyst
as shown in Figure 4. However, the photogenerated electrons and holes tend to recombine again
during the migration process digethe electrostatic incorporation. Isolated electrons and holes on
the surface of semiconductor photocatalyst can directly trigger the redox reactions or form free
radicals rapidly. For the electron, >@redox potentiak0.89 V vs. NHE) O (singlet molecular
oxygen) and @ can be produced by reducing molecular oxygen, on the other hand, holes will
oxide surface hydroxyl groups or water to generate -OH radical (redox potential +2.81 V vs.
NHE).*® These generated radicals possess great potential to achieve redox reaction without
introducing extra oxidation or reducing agent, for exi@npwater splitting, organics

decomposition and so df.*
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Figure4. Mechanism of photocatalytic process

1.3.1 Photocatalytic hydrogen production

Water hydrolysis is a nespontaneous reaction wittGbbs free energy change greater than.zero
As stated in the followindormula,the decomposition of 1 mole of water inte &d Q requires
237 kJ of energyin addition,electrons can reduce’ldndto produce H, holeswill oxidate H.O

to release @underan electric field intensity greater than 1.28v

H20 (liquid) Y Hz(gas)+1/20; (gas)( q@&237.2kJ-mol, @E=1.23 V)
2H+2eU Hx(gag (W)
2H.0 (liquid) + 4h*U O (gag + 4H' + 4e ( g¥E+1.23 V)

Generally speakingglectron donors will be introduced into the reaction systecan not only
lower the thermodynamic energy barriéar water splitting, but alsaccelerate the consumption
rate of photogenerated holes or other free radicalgersibly, thereby promoting the participation
of electrons in the hydrogen producti@ommon electron suppliegse classified into three types:
(1) biomass or its derivatives suchglacose, cellulose and lactic ac{@) organic reagentsuch
as tiethanolamine (TEOA)methanoland ethanol. (3)norganic reagents such ssdium sulfide,
sodium sulfate andodium metabisulfiteThe role of electron donors is reduce the Gibbs free
energy of the total reaction to a value below za1d then increase the hydrogen evolution tate.
addition,organicreagent@andbiomasghatarerich in H elementvill also make contribution for
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photocatalytic hydrogen production except fbe splitting of watef® Figure 5 displaysthe

conduction andrialance bands afome cormon photocatalytic semiconductor.can be found

thatmorenegative conduction barahdpositive valance bangbsitionare favorable for reduction

and oxidationreaction,respectively’® The key point for the photocatalysis is to balanoé

optimize the relationship betweeadoxpositionof photogeneratedarriers and light absorption

capacity. Thereforeyarious of strategies are employedréalize it suchas constructingnicro-

porous structures and high specific surface afeashomahetero junction structur; >3as well
as éements doping®* >

Photocatalysts with strong reduction abilities

No ‘OH or O," for CO, rcductimfand H, evolution

A

+
b,

&
|
|

Potential vs. NHE (V)
& o

+4

No O,”

;
. en. |
TayNs TAON CdS it

o

SrTi0; 1i0,(A) ZnO

(PH=7)

Potential photocatalysts for
overall water splitting

Photocatalysts with strong oxidation abilities
for pollutant degradation (-OH) and O, evolution

Figure5. Band gap position of some commpinotocatalytic semiconductors. Reproduced from

ref. 56

For example,Liu and ceworkers utilized melamine and sodium alginate to prepamlow

structured carbon nitride wittarbon dopings shown in Figure 8.Constructing hollow structure

enables carbon nitrid® possesseslargerspecific surface are@igure 6b)and enhancetight

harvesting abilityin addition, carbon elemedbpingthatimproved by the XPS spectra of N 1S

(Figure 6¢) improved themigration ability ofphotogeneratedlectrons and holes lyenerating

del

ocal

i zed bi g ence lolow dtrsictured\carbaam nitcide with €agboen doping

exhibited a dramatic hydrogen evolution performance ardu@dl 0 . 3 l.glpwhichiwas3

timesthan pristingFigure 6d)
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Sample S, Pore Volume(cm®/g) Pore Size{nm)
CN 13.9 0.43 125
CN-40 19.2 0.23 47

—s—CN
—a— CN-40

0.0
10 20 30 40 50 60
Pore diameter (am)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P()

403.63 €V

CN-0

Intensity (a.u.)

403,65 eV

CN
Figure6. (a) Synthesis mechanism of C dopicarbon nitride, (bN2 adsorptiordesorption
isotherms and pore size distribution, XS spectra of N 1S and (adydrogen production
performance of prepared catalysts. Reproduced froff ref.

Banding Energy (eV)

Sunet al designed hollow tandem heterojunctioo effectively split water into hydrogen without
novel metalunder visible light iradiation®® As shown in Figure/a, they appliedemplatefree
solvothermal method to synthesizellow TiO.> with rich porous andhencovered it by Mo%
nanosheetdinally, CdS was selectively loaded on the edge of Mahosheetby wet chemical
method. This tandem heterojunction structure catalggplayed a extraordinary hydrogen
evolution performance abo@tmmol ht-g?! (Figure 7b) moreoverdespite undergoing 1ttmes
of cyclic testing, itstill exhibiteda stable performanc&ubsequentlytime-resolved fluorescence
spectraeveal the reason 0f BO2/M0S,/CdS tandem heterojunction possessgh performance.
It can be observed in Figure, b TiO2/M0oS/CdSexhibited the longest lifetime photogenerated
electrori hole pairswhich demonstrated-biO2/MoS,/CdS could generated more free electrons
Therefore, they proposed a possible photocatalytic mechanism (Figureirgdy, hollow and
porous structure enabtlee prepared catalysb harvest solar energgs much as possibland then,
thesecollected solar energy inducesTiD2 and CdSto generate electrons and hgléslowing,
photogeneratecharges willmigrate from bTiO2 and CdS to Mog wheretheywill reactwith H*

to producenydrogen.
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heterojunctions. Reproduced from r&.

Yaod s resear ch thg strategy oferystpl | facetsengineering toimprove the
photocatalytic hydrogen evolutisate®>® Combining theesult of HRTEM (Figure 8ajandSAED
(Figure 8b) it can beproved that hydrothermal methttht they used coulslynthesize the B%n
with exposed110) crystal faets. Following(110) of PeSnand(100) of Ptwere also prepared to
illustrate theenhancing effect of110) crystal faceton hydrogen production under visible light
irradiation. As exhibited in Figure 8BSn with exposed110 could significantly increase the
H2 evolutioncapacity of CdS compared to other cocatalyst, whEtmonstrate@pecificcrystal
facets playedh vital role in photocatalytic hydrogen production. In additi@¥T theoretical
calculationwas also conduet to gain a deeper understanding for the revelatioh high
photocatalytic activityFor the Gibbs Free energiehanges of hydrogen evolution réER), as

the absolute Gibbs free energy approaches 0.00 eV, it becomes increasingly favourable’for HER.
From Figure 8dthe introduction of REn with exposed110) remarkably increased ttabsolute

o G- valueof HER, therefore(110) of PsSnheightened the hydrogen production performance of
Cds.
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1.3.2 Photocatalytic ligninand lignin derivatives conversion

When biomass was introduced into thatalytic system as substrates shown in Figure 9pn

the one hand, active functional groups such as hydroxyl groe@9r@O bonds act as sacrificial
reagents to directly capture holes to complete the conversion ofaddieel of biomass. On the
other hand, -@, -OH radicals and so on as mentioned above, these reactive oxygen species (ROS)
will oxidize lignocellulosic based biomass to produce low molecular weight chemicals such as
glucose, hydroxymethylfurfural (HMF) or hydroquinctiédowever, due to the strong oxidizing
property of ROS, lignocellulosic based biomass is prone to be mineralized. As to the lignin
photaconversion reasonable mechanisms that has been admitted and proved by most of lignin
model compound studies could be @oised of two parts: (1) Direct reaction between
photogenerated carriers with lignin. Photoinduced Holes will attadk C o-©-4 Hond of lignin

to form Cyradical firstly, following, electrons combines generatedadicals to facilitate the -C

O bonds atavageé? which is similar to the breaking of-C bords®3 (2) Indirect reaction between
photogenerated carriers with lignin. Generated electrons and holes could combine dissolved O
and BO-> molecules to form oxygeoontaining free radicals, respectively. And then these free
radicals withstrong oxidizing ability will break @/C-O bond<* However, excess radicals could

lead to the overoxidation of monomers after depolymerization. Therefore, controlling the level of
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oxidation of lignocellulosic biomass by controlling the type or content of ROS is the key point for

lignin and raw biomass phatonversion
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Figure9. Mechanism of photocatalytic process and pthersiomathWéy of biomass.
One of the key strategies for lignin valorization has been focused on the depolymerization into
small platform chemicalsAdditionally, lignin can also be upgraded into gaseous or liquid fuels.
Traditional technologies, such as thermocatalytic routes, beee deeply explored to valorize
lignin, but the high energy demand and harsh conditions applied to those processes often hamper
the environmental attractiveness of using a renewable feedstock. Photocatalytic technology, as a
green, clean and lowost stategy, has emerged as promising strategy to replace traditional
technologies. In the following section, two main strategies to upgrade lignin trough photocatalysis

will be explored Figure10).

‘
Fuels Precus"

Liguig

PO

C,',I ; A&
€ Optical sgability ™

Figure10. Several photocatalytic routes for lignin valorization.

14



1.3.2.1 Depolymerization

Depolymerization of lignin structure has been considered a key element for lignin upgrading with
the goal of producing small highly functionalized aromatiesluding acids (vanillate, ferulate,
p-coumarate, (hydroxybenzoate), aldehydes (vanillin, benzaldehyde) and phenolic monomers
(catechol, guaiacol, phenol, cres®l)Those functionalized aromatics are very important
commercial compounds that are used in a variety of industries. Vanillin, for example, is currently
used as flavoring/fragrance ingredient, antifoaminghggeaulcanization inhibitor, and chemical

precursor®

Due to the variety of chemical motifs present in lignin, the selective fragmentation of targeted
bonds can be quite challenging.Wwiever, many works have already proved the feasibility of lignin
depolymerization in photocatalytic systefis®® The majority of present approaches is to
selectively cleave € or GO ( s p e ©id)linkage, which is the key point to harvest
monomer and pl atform c¢hemiOedaborsls in Tighie asptheot oc |
representative of © bonds, is usally accomplished in two steps that consist of agxidation,

followed by a reductive cleavage. Specifically, the first step is oxidation process. The hydroxyl
group at the €position (GrOH) will be dehydrogenated into the carbonyl group£@©), itwill

reduce the bond dissociation energy (BDE) of the adjage®t libnd from 69.2 to 55.9 kcal mol

1, which makes the subsequent@ bond cleavage much easigiFollowing, photocatalytic
reduction ensues. Due to the first oxidation step, the BELR.6f kbnd is sharply weakened, the
photoinduced electrons can directly or indirectly combine wio®ond andhen easily cleave

the bond. This whole process can be accomplished by photocatalysis alone or either a combination
of other catalysis at the same time such as thermocatdlysis, electrocatalysis. It is worth

noting that sacrificial agents are indispensable for coimgyexcess photogenerated electrons and
holes within this two step strategy. Moreover, Continuous efforts in this direction lead to the
discover of an alternative oiset ep phot oredox mechanism that i
radical intermediate, whicis produced by photogenerated electrons and holes. Compared to two
step strategy, no need for eskep photoredox to separate and purify the generated ketone
intermediates, which make the whole reaction more siffgifis mechanism was first observed

by Wang et al. usipnCdS QDs as a photocataly$tn their experiments with model compounds
(PPRol and PPone), they found that photocatalytic conversion of a ketone intermediate model
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compound was very slow by using CdS Qéadalyst, indicating that a different pathway was

happening and that a radical pathway could be possible. DFT calculations revealeaddetaC

by one photogenerated hole could remarkably decrease the BDE ofQH®@d from 55 to 7.8

kcal moft, which is significantly larger than that of oxidizing the-GH to G;= O (Figure 10.

More representative research abot®®onds cleavage of lignin was displayed in Table 3.

C-0 bond BDE (kcal mol™)
(a)
OH

OH

OO0 O

!

O--OF 0

000 0
Figurell (a) The DFT calculation value of-O bondBDE of PRol and PPone, (b) Mechanism
o f -O-B bond cleavage over CdS QDs. Reprinted ffar(c) C-C bonds cleavage mechanism.

| E (v versus SHE)

Reductive
bond cleavage

CBM (exp.) e
-V

455 nm, O
CUO,/CeO/A-NTS

Oxidative
dehydrogenation

Repintedfrom ref.’?

Table3. Studies for photocatalytic break of lignin@bonds.

Catalyst Substrate C-O Reac_t!on Conversi_on Concentration _ Ref.
bond Condition Product/Yield (Catalyst/Substrate/Solution)
Ui o 04 g JSRE PN omgramgriom
s, ZIEOOL | bos  JOOWXEATE  ASLIWIESSE  lomyoimmoism
H-TiO, Phe”Et:gxybenze b-0-4 E(_’fgowmxwﬂ";‘rg;p Eth';n)eennoz'ene 0.1g/1mg/100 ml 75
nicas e eenone ®O4 (o Zdoammp - Phenolsoe  ZomyismM/iom
Zins, POl poq  SSWLED  Acetmeniesgngioimmoiim 7
VO(OiPr); dipheﬁfl_ethanol 6-0-4 (45‘:1:_52 nm) ngﬁggsgﬁ?c?%i% 4mg/10.05mmol /1 mi b
PHSOML 2ol hos  wvign  CTOSHNT rsngiiomgrosmi
Zn.,CdS g;]':‘]‘;l"e‘iﬁgol bO4  300WXelamp ~ACCIoPhenone 12% 2 mg /20 mg / 5ml %

Apart from GO bonds, &C bonds are another critical linkages that account for abotthandeof

raw lignin. Compared to the cleavage of@that could only generate aromatic monomers, the

cleavage of & bond desees more attention because of a higher yield of monomer products such

as organic acids and ketones that produced from lignin depolymeri¥fibeoretically, non
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polar and robust features enableConds higher bondissociation energy (31494 kJ mof)

than G-O (5280 kcal mot).8 In addition, there are two hassles for th€ ®onds break. Firstly,

the coexistence of© and CC bonds in nature lignin and it has been proved that the bond energy
of Co-O was effectively reduced from 247.9 to 161.1 kJtdating the oxidatiof b-O-4 alcohol

to b-O-4 ketone process, but the bond energy ®€&was increased from 264.3 to 294.2 kJ mol

1 which made the cleavage of@harde? On the other hand, if the-C bond cannot be broken
orderly, a polycondensation reaction will occur that results in the generation of intermediates with
more rigid structures, which obviously restricts the upgrade of lignin. Therefdred s ur gent
expoit a more efficient strategy to selectively breadlC@®onds. Hou and eaorkers studied the

C-C bonds breaking mechanism by using the hybrid CuOx/J&® nanotube as shown in Fig.

5c¢ 72, Under light irradiation, photogenerated electrons will combine with oxygen molecules to
generate swgroxide anion radicals, meanwhile, holes attagkl@o form G- radicals. Following,
unstable peroxide intermediates will be generated by the combination between superoxide anion
radicals and & radicals. As a consequence;C, bonds tend to fracture fiyoduce benzaldehyde.

Parts of photocatalytic<C bond cleavage are displayed in Table 4.

Table4. Studies for photocatalytic break of lignin@Cbonds.

Catalyst Substrate bCo nCd Light Source  Conversion Product (Catalygt(/)gﬁggttrr:ttjac;golution) Ref.
g-CsN, 1,2-Diphenylethanol  CiCs 30|2\ranpXe g:gig:gi?{gelé%;;/: 0.019g/0.01g/3ml 83
Irlli/PhSH Lignin model A CurCo 50:1\5/5'“‘9 Ben;ﬁl(;ﬂr:a;;y:g;g?% 2 mol/ 0.1 nm &
Cogr;cekrcial 1,2-Diphenylethanol  b-1 SOCII\Elé)Iue Bir;?lﬁ:ie:;?gZ‘iS% 2 mol /0.2 mmol 1 ml 8
TiO, b5 model dimer  b-5 é\%ﬁr’i) 50 mg /- / 100 ml &
AgsPOiPCN  1,2-Diphenylethanol b5 3ogr\:1vae Aro?&i"fg’;ﬂ)"des 10mg/0.1mmol /5mL &

AM 1.5 %

mpg-CaNs sh%':g?:ﬁln o CoGo 455(23‘\,;@ 8525353 r;%?de 315<ylo 10mg/0.05 mmol /1 ml

Phenyl formate 30%

The photocatalyst plays a critical role in biomass photocatalytic transformation in terms of light
harvesting, apparent quantum yield, mass transfer, charge generation and transition, surface
interaction. Therefore, iprovements in catalyst design have great impact on conversion
performance and selectivity of products. Strategies such as bandgap engineering, morphology
modification and use of ecatalysts has been proven to be effective for lignin valorizaish.

8 For example, bandap engineering could alter light absorption region and potential reaction
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pathway?® morphology modification could improve lighitilization, charge separation and
reaction kinetic$! as well as controlling ccomponents of photocatalysts can obtain the specific
selectivity and productivity?

Metal Oxides

Titanium dioxide (TiQ) is oftenconsidered as a reliable photocatalyst for photocatalytic reactions
due to its environmental friendliness and {owst. The use of this catalyst for lignin
depolymerization was first reported by Kobayakawa efalnd since then, many modifications,

such as the introduction of metals or heteroatoms, physical modification of its morphologies, and
hybrid composites, have been proposed to improve th@phatt al yti ¢ acti vities
group applied metal organic framework (M125) as precursor of T#Oto convert sodium
lignosulfonate into vanillir!* After calcination, MIL-125 derivative Ti@possesses a better porous
structure compared with P25, the crystalline grain size and pore size distribution can be controlled
by the calcination temperatures ahown inFigure Pa Following, trapping experiments are
employed to revel an underlying conversion mechaniEgute b). Results showed that yield

of vanillin showed a sharp decrease after introduced ethylene diamine tetraacetitDadi)-

4Na and pbenzoquinone (BQ) that can captufeahd -Q respectively. Therefore, they thought

€ that migrated from VB to CB combined @ generate -©and then hand -Q convert SLS to

vanillin separately.
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Figurel2. (a) ynthe3|s process SEM of MOz and N> adsorptiordesorption isotherms of all
samples, (b) trapping experiments and proposed conversion mechanism of SLS over MT400
Reproduced from ref
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Srisasiwimon et al. proposed a method that not only functionalized kraft lignin, but conversed
lignin into high value chemicaf$.In their research, kraft lignin was sintered into carbon material

to modified TiQ, due to the introduced lignibased carbon material, light harvest region of2TiO

was obviously enhanced from ultraviolet to visible light region as displayd€igume Ba. In

quick succession, depolymerization ability of T@hd TiQy/lignin catalysts was investigatechd
lignin-based carbon material modified Bi€xhibited great aoversion for kraft lignin under UV

Il i ght I rmix@a 865 @ant) onBigure Bl& but as the carbon content increase, conversion
showed evidently decrease that might be caused by extra carbon material reducing the number of
active sites on the surface BiO». In addition, vanillin was selected as main conversion product

to assess lignin upgrading capacity of prepared catalysts. Unexpectedly, the production rate of
vanillin showed an opposite trend with lignin conversion rate from théSCesults Figure 13c),

in another words, low lignin conversion rate was contributed to producing vanillin. Therefor, a
hypothesis was proposed and showed-gure Bd that vanillin might be an intermediate and

could be further converted into other compounds with sudee® of the catalyst increase.

(a) b ——Ti0_air (b)50 o Photolysis

——TiON, - TiO,-air
——TiO,fignin 1:0.5 »—TiO-N,

404 N,
—&—TiO flignin 1:0.5
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é .
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Figurel3. (a) UV-visible absngBﬁ‘on spectrum, (b) kraft lignin conversion test and (eMSC
analysis results of Tigand TiQ/lignin composites (d) mechanism of photocatalytic process.
Reproduced from ref

Apart from TiQ, ZnO is also selected to obtain platform chemicals form lignin. Ahmad et al.
applied response surface methodology to optimize the conversion rate of richasewaste

lignin and evaluated kineticsfo pr oducing vanil |l in and 4 hydr
hydrolysis residue of rice straw using commercial ZnO and..¥i®esults showed that the
conversion performance of ZnO was better than, B proposed that radicals promoted the
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transformation of lignin. Their study brings important insights on the degradation rate of aromatics
by those catalysts. T&&and ZnO, have made a contribution for depolymerizing lignin into value
added chemicals,ewvertheless, as with most metal oxide photocatalysts, they only possess high
photocatalytic activity on UV light region due to the large band structure of raw ZnO gr TiO

which limits the development of metal oxide photocatalysts in photocatalytic upgiagin.
Metal Sulfides

Sulfide based photocatalysts are probably the most investigated semiconductors for biomass
valorization, mainly due to its appropriate energy band structure for vigjbteabsorption and
suitable redox capability. It is alsedsible to tune its photophysical and photocatalytic properties
by controlling its structural parameters such as phases, sizes, and morplfé18gise mild
oxidation power of metal sulfides can enable the selective oxidation without the generation of
unselective -OH radicals and the tunable band structure provide great opportunities to tailor the
selectivity without compromising the activity.-tlepth evaluation of active sites and reaction
mechanisms for lignin depolymerization are still under caosittn, but some works have already
indicated that the presence of thiol groups in the catalyst surface can act as active cerddrs for C
bond activation under light illumination, justifying the high performance of this class of
photocatalysts in this cleaa g e-O-d honds when compared with other popular semiconductors.

Yoo et. al revealed that applying silvexchanged method could greatly promote the conversion

of lignin model compouné During ionexchanging processFigure M¥a), Cd* was partly
substituted by Agand then deposited on the surface of CdS particles &, Adpich was proved

by the highresolution photoemission spectroscofpygre Mb). Cadmium sulfide that went

through moderate silvéon exchanging was able to achiealenost 100% conversion of lignin

model compounds compared with 15% when applying pure CdS. Additionally, this performance
was kept for up to 5 cycles of reaction. The hypothesis is thaeAghanged domains can shift

the Fermi level of Cd@rigure Hc), which directly affects the electron transfer in the CB enabling
photogenerated electrons and hol es-O4bondef f ect
(Figure 4d).

20



i AT [ e TR 1] —
(a)e cationicexchange oGRS ) EN\_ || H\_ || H;

412 408 404 164 162 160 376 372 368
Fermi level (d) i
Binding Energy (eV)

(e
~

(

Intensity (arb. units)

20 15 10 5 0 3 2 1 0
Binding Energy (eV) Binding Energy (eV)

Figurel4. (a) Cationic exchange process, (b) HRPES data, (c) valance spectra and fermi level
and (d) b O 4 bond cl eavage mecherchangedn i n | i ¢
cadmium sulfide (Ag@CdS).Reproduced from ref

Controlling the morphology of photocatalysts is a promising strategy to optimize catalytic
efficiency. Quantum dots, as a representative of it, are easier to be excited to a higher energy level
due to a few nanometres i n si ze.eth&/photocatayticr es e ar
conversion of lignif® With the combination of the organic ligand modification technology,

further yield of highvalue functionalized aromatics from lignin was achievédyre Ha). The

effect of different chain length of mercaptoalkanoic acids on the product yield was investigated to
maximize the conversion of raw lignin (birch wood meal) and the result displayedune Bb.

It demonstrated the length of ligand was inversebpprtional to the yield of aromatic monomers.
Therefore, they speculated length of organic ligands could affect the migration of photogenerated
charges and holes and this hypothesis was verified by transient absorption (TA) spectroscopy
studies Figure Bc). In the presence of R# (lignin model compound), CdS3 presented highest

decay rate compared to G€% and CdSC11, indicating that organic ligands could act as a
channel to improve the transformation of electrons between CdS QDs asidIRBrderto test

the catalytic potential of CdS3, several different industrial lignin were selected as substrates. As
shown inFigure Bd, CdSC3 could effectively convert industrial lignin into aromatics and the

Il i gni n wi-@-4 contentg deperatedbhighgield of functionalized aromatics, which

implied CdSC3 had the priori t-@4 bonds is dignie. Atreasorably c | e
conversion mechanism was proposEdjgre be) that holes transfer to the reactaiat organic

|l i gands t oiH bardetmakwouldhead t€tbe formation of a fdical and a proton.
Following, photoinduced charges migratetothe Gx d i ¢ a | -Ot4dontisrared dhlen fdrm a
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phenoxy anion and acetophenone. In the end, the phenoxy anion would accept a proton to produce
phenol.
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Figurel5. (a) Aromatic monomers yield over Cds QDs with different ligands, (b)the effect of
ligand length on lignin conversion rate, (eyks ligand length under the existence of substrates,
(d) the r el atOidcantentsiand thb weldwfenenomers éa) conversion
mechanism of lignin model compound overgg:ds QDs with organic liggeyroduced from
ref.

Recently, bimetal sulfides that exhibits excellent photocatalytic properties also attracted a lot of
attention frombio-photaconversion For example, Luo and emorkers reported using Zni& to

convert lignin model compounds and dioxanesolv lighiThe ZnInS: photocatalyst was
preparedria onepot hydrothermal method. It presented a spiikesl porous morphologyHgure

16a), which could provide more active sites and enable a better contact between catalysts and
substrates. As in other studiespl2enoxyl-phenylethanol (P#®l) was employe to revel the

process of photocatalytic 530 bond cleavage F{gure Bb). PRol was converted into
acetophenone, phenol andpBenoxyl-phenylethanone (R&ne) within 3 h. The vyield of
acetophenone and phenol eventually exceeded 80 %, which demonstréess £ould

ef fect i v@4bpndh In addition, based on the result of investigation of hydrogen transfer,

t hey proposed t hat ph-OH graupsrocfarna if edicalfiigute ). o x i d a
Subsequently, 1f was further oxidated into 1d.that adsorbed on the surface of Z8inwould
combine the hydrogen species that came from 0
test heterogeneous photocatalytic performance of 2&gln mor e C-O-4n pnbdel x b
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dioxanesolv lignin M,=2885,Mw=5454) was used as substrates. As showRigu(e Bd), after
24 h light irradiation, a variety of aromatic monomers could be observed -tuydrqxyl
acetophenone derivatives were also produced, which indicated depolymerization rules of

dioxanesolv ligniraccords with the lignin model compound.
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Figurel6. (a) SEM image of aniS4 (b) lignin model compound (PG!) conversion rate and
yields of depolymerizing products, (c)photocatalytic conversion mechanism oveSZaial (d)
Analysis of photocatalytic depolymerization products of dioxanesolv poplar ligeproduced

from ref’’

In summary, metal sulfide exhibits striking conversion ability for lignin, but some of known
disadvantges of this catalyst include high recombination rates between charges and holes, poor
stability that upon light illumination, the surface sulfide ions can be-oz@lized by
photogenerated holes enriched on the outer surface of metal sulfides, whiaoklgdinats their

stability and practical application as photocatakggtscially under low/neutral pH.

Graphic Carbon Nitride

The metalfree polymeric carbon nitride has been proved to be a promising material for
lignocellulosic biomasdepolymerization, owing to its lowost preparation from eardbundant
chemicals, strong physicochemical stability and favorable viitigie responsé® In fact, almost

all the studies related to photocatalytic conversion of lignin are based on homogeneous catalysis,
therefore, this is a huge challenge for most of photocatalystso the complex structure and

steric hindrance effect of lignin. Nevertheless, the eleatidn2D conjugated sheets of graphic
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carbon nitride could provide an ideally flexible surface to break the high energy barrier and then
adsorb the lignin moledar with bulky benzene ring$? Liu et al. reported the application of
mesoporous graphitic carbon nitride to breakl @ound of lignin model compound to obtain a

serious of aromatic compounds under visible light illuminatféFhe molecular structure of;84

materials was identified by FIR showed on Figure I7a). All prepared &Ns displayed two

typical diffraction peaks, however, the diffraction peak intensity of 4«@gd: was weakest

compared with other two samples, indicating less intralayer hydrogen thands significant for

peeling gCsN2 into layer structure and accelerating migration of photogenerated cRamge

structure of mpgCsN4 was also proved by the nearly transparent layers of@pig (Figure I7b).

The interaction between mygsN4 and lignin model compounds was clarified by carrying out
solid-state MAS NMR experiments and the result showe#igare I7c. It can be found that the

peak at 9.1 ppm belonged to Nbroups of mpegCaN4, moreover, a neyweak on 6.8 ppm was

detected that could be attributed to the hydrogen of benzene rings. Therefore, the interaction
between lignin model compounds and rgNsexisted and this spatial proximity would help the

transfer of photogenerated chard®dn addition, they employed DFT calculation to investigate

why the interaction existed and what it is. From calculation results, this mesoporous structure
enales carbon nitride to possess larger specific surface area and become more flexible, which was
benefit for the accommodation of complex biomass molecules. On the other hand, the distance
bet ween benzene rings and tsrtiaatgacioeg Basednaps acc
experimental and theoretical results, a possible mechanism was propaged (7d). Lignin

molecular was stacked on the surface of f@piavia -~ 1 nt er act i opitenteradn d t h e
radical was formed byhotogenerated holes attacked the hydrogemn.oft@& formed intermediate

would combine @ and hydrogen radicals to produce the major products. Ku et. al. also
demonstrated a similarly photocatalytic transformation mechanism of -ligmived model

compound over carbon nitrid®* Contr ary t o L i resdlts, the yrpdeiged me nt ¢
benzaldehyde and phenyl could stably exist during the photocatalytic lignin conversion process.
Because the element doping method that Ku applied obviously changed the potential of valance
band and conduction band, as a consequeundégef oxidation of benzaldehyde and phenyl was
effectively prevented. In addition, vanillin and syringaldehyde was obtained from photocatalytic

depolymerization process of real lignin (comes from waste camellia oleifera shell).
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CsN4). Reproduced from réf

Overall, photocatalytic technology has great potential to depolymerize real lignin into high value
added aromatic chemicals such as vanillin. However, no matter the lignin conversion rate or yield

of desirable products, there is plenty of room that netalbd improved by reasonable designing

photocatalysts structure.

1.3.22 Gas energy production

Hydrogen and biogas are considered as the ideal fuels for enabling virtual zero emissions when
they are converted to electricity and watex fuel cells. However, synthesizing green hydrogen

and biogas in a cosfffect manner is still a challenge. For exde, water electrolysis and photon
driven water splitting is considered as a feasible technology to obtain hydrogen, but due to the
thermodynamic barrier, cost and efficiency still hamper its use in an industrial level. From the
energetics point of viewhiomass photwonversionis more favorable due to the more positive
oxidation potential of biomolecules. For that reason and the possibility of producing hydrogen

energy and valuadded coproducts, phatonversionof biomass stands out as a promising route

for fuels production from biomass.

Su and ceworker also achieved the photocatalytionversionof lignin into hydroger??
Specifically, hydrothermal and solvothermal combined strategy was applied to prepare Mo
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element dopped/Ni decorated Zsthwrapped NiMoQ (Figure Ba). This heterojunction
structured photocatalyst exhibited great photocatalytic hydrogen productionb@ie 330

¢ mo tdgthfrom sodium lignin sulfonate (SLS) solutiorFigure Bb) and kept a stable
photocatalytic activity after 5 cyclic experiments. Noticeably, the photocatalytic performance
showed an increase, which causedh®production of small mollar organic compounds after
first reaction. Subsequently, EPR and KPFM were performed to provedtieefie mechanism.
As shown inFigure Bc, the surface potentials of 10 NMO@Z&IS-N exhibited obvious decline
from 750 to 650 mV thaillustrated transmission pathway of charges between ZIS and NMO
complied with the Scheme. For EPR tedtigure Bd), ZIS and NMO showed clear signal of
DMPO--O2 and DMPQ-OH respectively under light irradiation. Combining the HER
performance of ZIS, itould be reveled that better oxidizing ability would facilitate hydrogen

production from photocatalytic lignin.
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Figurel8. (a) Synthesis process, (b) photocatalysig¥blution rate of NMO@MZIS-N (insert

is the cyclic test results), (c) KPFM surface potential images before and after irradiation and (d)
EPR signals of DMPEEOH adduct s of Regpodeqdflrmd®® sampl es .

1.3.23 Liquid fuel production

With the fast development of industrialization, the demand of petroleasad fuels exhibits
continuous growth, among it, up to 80 % is consumed by transportation. Although renewable
energy could reduce the demand, it cannot completely replace fossil fuglsfor, producing
biofuel from biomass is a better option. Following this concept, Dou et. al. demonstrated the
feasibility of using lignin to produce precursor of diesel by photocataffsiss illustrated in
Figure Ba, Au/CdS displayed great-C bonds coupling ability for combining twoethyk1-
methoxybenzene molecular together and yield of the dimers waghaas 2.4nmol-gawi*-h2.
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Hydrogen could also be produced (production rate is 1.6 mgaaf-d?) via reducing the
extracted H atom from benzylicB. The high photocatalytic performance is attributed to the great
catalytic GC coupling ability ofCdS1% The introduction of Au nanoparticle further enheic

visible light response of CdS, which could be proved by results of band gap energy plot, PL and
SPV spectraKigure Bb). In the meantime, the type of solvent and morphology of catalyst were
proved to have a significant effect on productiolydrogen and dimers. They exploited th€C
coupling mechanism by radical capture and electron spin resonancé&igsis ©Oc and d). The

radical capture reagents TEMPO and styrene were separately added into reaction system, the yield
of dimers presented sharp decrease, which meantCCoupling was related to the radical
mechanism and benzylic carbon radical was produced. The ESR result provide another evidence
to support the above conclusidfidure Be). A possible reaction mechanism was proposed on

Fig. 14e. The benzylic ® bond was oxidized into carbarentered radicals by photogenerated
holes and then<C bond coupling enabled carboantered radicals to connect another one to form
dimers. Finally, a possible pathway was reported for producingldies from lignin. The process
involved the conversion of monomers mixture (lignin oil) generated after depolymerization of pine
sawdust. Next, in the presence of sunlight, monomers could undergo dehydrocoupling reaction to
generate dimers with 76 % yiklwhich will act as the precursor of diesel fuels. After this step, the
product was hydrodeoxygenated to generate diesel fuels (cycloalkanes or aromatics). One of the

major advantages of this process is to avoid the expensive monomer separation step.
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Figure19. (a) Yields of hydrogen and dimers, (b) related photoelectric performance comparison
between Au/CdS and CdS, (c) radical capture test, (d) in situ ESR spectra and (e) mechanism of
producing precursor of diesel fuBleproduced from réf®
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In order to have a clearer comparison of lignin light conversion, Table 5 summarizes all t

catalysts mentioned above for phataversiorof lignin. From the table, it is evident that in terms

of current research progress, although metal oxides ar¢ormnand easy to synthesize, their

relatively wide bandgap, which can only be excited by ultraviolet light, greatly limits their

applicatios in the photoconversion of lignin. The other two photocatalytic materials, metal

sulfides and carbon nitride materials, have demonstrated superior capabilities in lignin conversion,

such as in the production of aromatic hydrocarbons and fuels. Howevegrea indepth

examination reveals that regardless of the type of catalyst, it is currently impossible to selectively

convert lignin into a specific type of aromatic product.

Table5. The summarization of photocatalysts for ligniofconversion

Catalyst Substrate Light Source Time/h Temperat Product Ref.
T Sodium 300 W Xe lamp Vanillin o
M-TiO, lignosulfonate 350780 nm 6 Room temperature 2.1 mg/gSubstrate
I - 400 W Hg lamp o 0 95
TiO/lignin Kraft lignin 400 ,W=36Bnm 5 Vanillin 1.68%
ZnO Rice straw 125 W UV lamp Room temperature ~ Vanillin 3.642% 96
hydrolysis residue
TiO2-NiO Kraft lignin 300 W Xe lamp 20 60 Hydrogen- 107
TiO2ZnO Lianin 100 W Halogen lamp 4 Aromatics 88% 108
nanoparticles 9 380-800 nm Methane 284.65 ml
. 2-phenoxyl- Blue LED Phenol 95% o8
Ag:S@CdS (Wurtzite) phenylethanol 6W 30 Benzaldehyde 91%
. 300 W Xe lamp Aromatic monomers g
CdS QDs Birch wood meal (o =78@10M) 8 Room temperature 8.7 Wi%
Dioxanesolv poplar 9.6 W LED light Aromatic fragments  ,;
Znin;Sy lignin 455 nm 24 10 wt%
. - 300 WXe lamp
NMO@M-ZIS-N S"Sdl;ﬁ:)”ng%g'” 400 nm 10 Hydmﬁ_‘i”. O_'f3mm°' 8
513 mW cm2 g
Hydrogen
T 18 W LED 4.6 mmol ggnin oi ™ 105
CdS/Au Lignin oils 455 nm 24 Aromatic dimers 76
wit%
. . Phenol formate 20%
mpg-CsN, i nscgﬂllgrr]]ate ir\:\c/jel_rE4Dsggnhr:1 10 Room temperature ~ Benzoic acid 5% 88
9 Benzaldehyde 40%
Fe:0,@gGN, Lignin 500 W halogen 3 Biogas- 109
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1.3.24 Characterization of products

lignin is a kind of unordered complex polymer with high degree of polymerization. Therefor, it is
recommended to combine at lest two or more analyzing technologies to understand lignin
physicochemical properties changes afpotocatalyticreaction and ab to minimize the
possibility of in accurate conclusions. Multiple detection methods that related to lignin

photocatalytic conversion will be briefly introduced and discussed below:

Fourier Transform Infrared (FT-IR) Spectroscopy

FTIR can detect types @inctional groups of lignin by unique expansion and rotation of molecules.
For example, around 3448 diwas attributed to the-® stretching vibration of aromatic skeleton
and characteristic peak of aryl ketones was exhibited on 1668€mBesides, three block units
(syringyl (S), guaiacyl (G)and phydroxyphenyl (H)) also can be recognized on FTIR

Spectroscopy* 13 FTIR is a qualitative analysis method.

UV vis Diffuse Reflectance Spectra (UVis/DRS)

For most depolymerization reaction of lignin, the color of lignin solution will gradually get lighter

that caused by the cleavagaiokaturated chains or chromophoric group of lignin, which reflected

in the UMVivis/DRS is the reduction of the intensity tife absorption peak at a particular
wavelengtht®” 114 115Generally, UV vis spectroscopy of lignin solution will exhibit absorption

peak attenuation on around 2Cdbuble bondYin aromatie | ect r
groups) and/or 280 nnim( Y *electronic transitions of the phenolic or etherified hydroxyl
groups)}é1t should benoted that UVvis/DRS qualitative analysis method.

Nuclear Magnetic Resonance (NMR)

Structural analysis of interunit linkages of lignin is often accomplished by using advaneed one

and twedimensional (2D) nuclear magnetic resonance (NMR). Vabesical bounds such as

C-C double bonds and possible-gfiace correlations can be displayed by selecting different
spectrafH,®Cc, HSQC and HMBC). For example, in Hengt
tosemiquant i tatively aOndablby zebdontbrets otknat ligmgnebefad andd

after light irradiation'’ Because the content change of these linkages not only denotes the degree
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of depolymerization ofignin, also indicates what kind of chemical bonds the catalyst is more
likely to attack. In addition®P NMR can be used to identify the type of oxygentaining
functional group by Il ocating the ¥ingdditoh, peak
NMR is quantitative analysis nieid.

High Performance Liquid Chromatography (HPLC)

During the photoonversiornprocess of lignin, acids, aldehydes or phenolic compounds are often
generated. Therefore, HPLC is a convenient and efficient method for quantitative analysis of above
substancesWhen the mobile phase that containing samples flows through the column, the
identification of each component in the sample will be finished through repeated adsorption and
desorption process of the samples in the mobile phase. Nevertheless, takingtoyueaatialysis

is a challenge for HPLC. The premise of using HPLC is to know the conversion products of lignin,
and the retention time of the products cannot be same or similar. Therefore, HPLC is more suitable
for exploring the possible conversion medsanof lignin that selecting lignin monomer or dimer

as substrates.

Gel Permeation Chromatography (GPC)

GPC is used to quantitatively indicate the change in molecular weight of substrate. Taking the
decomposition of lignin as an example, compared wittial lignin sample, if the lignin is
depolymerized into smaller molecular, the retention time of lignin increased and/or some new
peaks appear, which can be clearly observed from GPC and accurate change of average molecular
weight (Mw) can also directlgbtain’® '8 Therefore, GPC can be applied to monitor the degree

of lignin decomposition.

Gas ChromatograpmMass Spectrometry (G®I1S)

GC-MS is a conveniently qualitative and quantitative analysis strategy. Before entering the column
of GC, samples will be transformed into small molecular by high temperature. Then, separated
chemicals are fragmented into more smaller ions, these iorssgatifferent mas®-charge ratio,

which can be capture by the detector of MS. The conversion product of lignin can be identified by

analyzing the type and intensity of the peaks. However, there are two main facts that must be
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considered. First, the samnepmust not contain any water. Another one is that the complete
desorption cannot be achieved for some components in the sample, or it might be thermally
degraded in GC.

Liquid Chromatography Mass Spectrometry (LK2S)

The working process of L&S is similarwith GG-MS. The sample was decomposed firstly and

then the products were determined qualitatively and quantitatively by comparing the fragments
with a standard gallery. Unlike GRS, thermal degradation of sample can be avoided, which
enables the resulteore accurate, especially the yield of a compound is low. Nevertheless, this
test also has drawbacks. For example, the signal of the solvent may override the signal of the object
that under tested.

Quadrupole Timeof-Flight Mass Spectrometry (QTOF MS)

QTOF MS is an instrument that investigate chemical components more rapidly and accurately.
Compared with other MS, QTOF MS can provide higher resolution spectrograms and greatly
reduce required time for analysing, therefore, it is used to identify and quaottiflex mixtures

or unknown compounds. In addition, after combined with liquid or gas chromatography, this

makes it easier to identify the intermediator during ptatwersiorof lignin.1°

A flow diagram about holistic lignin phatonversiorprocess was displayed in kig 20. Briefly,

a photocatalyst with suitable band gdipucture and surface chemistry should be rational designed
and synthesized for lignin phatonversion Then, the gas or liquid products after lignin
photocatalytic reaction should be analyzed to revel the conversion mechanism of lignin during
photaconverson. Briefly, the gas products can be analyzed by gas chromatography (GC), via
either the online GC system (such as Labs6kaon-line trace gas analysis system, Perfectlight)

or the offline GC system. As for the liquid products, -\i¥ diffuse reflectace spectra can be
used to firstly understand the changes/breaks of lignin chromophotic groups, and the conversion
rate of lignin could be roughly calculated based on the Lanrid®at law. Then, the suitable
organic reagent will be used to extract liquidgwcts from reaction solution, and these produces
will be further analyzed by using the combination of-8S and LGMS. For the solid residue,

gel permeation chromatography (GPC) will be employed to understand the change of lignin
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molecular weight beforenal after reaction. FTR and NMR will be further carried out to mutually

verify and revel the change of lignin chemical structure. As fol the three structural units of

lignin can be roughly judged by the stretching characteristic peaks of cheroiwds land
functional groups, which could be sequantitatively studied variation of functional groups by
curvefitting analysis. More precise changes in lignin structure can be then studied by NMR. Solid
and liqguid NMR are commonly used to detect ligrétated products witA'P,*H or 3C labelling.

The3'P NMR is mainly used to determine the structure containing hydroxyl functional groups in
lignin, such as carboxylic acid and aliphatic. While the'BB>C Heteronuclear Singi®uantum
Coherence (HSQC) NRI can be used to provide deeper insights into interlinkages within lignin,
since itcan achievesemiuant i t ati vely analysis 0Od,5pebific
b and so forth. Comparing the f | ucmani@dtsithen of
degree of lignin photmonversion but also indicates which chemical bond in lignin can be easily
broken by the selected photocatalyst. Finally, the lignin mooieersionmechanism can be

proposed based on these analysis results.

Catalyst Synthesis
(Based on literature)

Photocatalytic Process
(Light source, reaction atmosphere...)

Product Analysis

Gas Product Insoluble Product Soluble Product
(Gas chromatography) (FT-IR,GPC,NMR)  (GC-MS, LC-MS, UV-vis/DRS)
Figure20. The diagram of lignin photmnversiorexperiment design and conversion products
analysis.

1.4 Introduction to cadmium sulfide

Cadmium sulfide (CdS}¥ a widely studied semiconductor material for photocatalytic applications.
When exposed to light, it can act as a photocatalyst to drive a variety of chemical reactions,

including carbon dioxide reductiott pollutant degradatiot?! and hydrogen productio’?
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1.4.1 Characteristics of cadmium sulfide

The semiconductor catalyst cadmium sulfide (CdS) exhibits excellent photoelectrochemical
properties, making it the most representative photocatalytic material in\thgibup. As shown

in Figure21, CdS has two different crystal structures. The fird @ubicshapecalled the zinc

blende structureFjgure 21a), which is unstable and prone to structural transformations. The
second is a hexagonal prisshaped wurtzite structur€&igure 21b), which has higher chemical
stability compared to the zinc blendenfiguration and can undergo a transformation process from
zinc blende to wurtzite CdS at a certain temperature. CdS has a bandgap of approximately 2.4 eV
and3.9 eV for cubic antiexagonaphaserespectivelywhich enables efficient conversion of light
energy:?3 Thus, visible light can excite CdS to generate photoinduced eldutterpairs, making

it an extremely suitable semiconductor photocatalytic material for various photocatalytic reactions,

as widely recognized by researchers.

Figure21. (a)Hexagonal structure and (b) cubic structure CdS. Reproduced frdff ref.
1.4.2 Synthesis method of cadmium sulfide

The photoelectric properties eémiconductor materials are highly sensitive to the preparation
method employed. As a result, the preparation method of CdS significantly affects its
photocatalytic performance. Currently, the synthesis of CdS can be broadly classified into three
categoris based on the phase state during the synthesis prgesghase reaction, liquighase

chemical synthesis, and sokthte reaction. Additionally, various derivative methods have been
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developed to achieve controllable and adjustable performance. Hg&reirzommon synthesis

methods ar@entroducel.

SolvothermalMethod

The ®lvothermal method is a common approach for preparing nanostaller particles,
particularly for laboratorpased material synthesis. The basic principle involves utilizing high
temperature and solubility to achieve compound dissolution and recrystallization. Specifically, this
method typically involves the following steps for nanopatrticle preparation: (dpRreg: Water

or organic solvents are pmixed with the starting mateis to better control the dissolution rate

and reaction kinetics. (2) Reaction: The reactant mixture is poured into-eehglerature resistant
container, sealed in a higltessure vessel, and then subjected to continuous heating and reaction,
typically under high temperature and pressure conditions. (3) Precipitation and separation: After
the reaction is completed, the reaction mixture is cooled to room temperature and subjected to

centrifugation or other separation techniques to isolate the desiraccprod

By adjusting reaction conditions such as temperature, time, pressure, and solvent type, the
solvothermal methodan be used to control the morphology, crystallinity, and particle size of the
catalyst In the case of CdS catalyst synthesis, this methngbhroduce CdS patrticles with excellent
crystallinity and uniform particle size, which are critical for the performance of catafsts.
exampleJang and covorkersappliedethylenediaminas solvento synthesize ondimensional

CdS nanowires witdifferent temperatures and tim&8 As shown in Figur@2, cadmium sulfide
undergoes a process of nanocrystallization resulting in the formation of fhiusllgi With
increasing reaction time and temperat@@S$S nanosheets started to growth on the surface of nhuclei
which subsequently transform into more statdaorodsUltimately, nanowires are formed, with

gradual disappearance of the inner core.
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CdS microsphere CdS microsphere
with nanosheets with nanorods

Cds nuclei

. HT.at80°Cfor 24h  H.T.at 120 °C for 24 h H.T.at 160°C for 48 h
Figure22. Mechanism of CdS nanowigroduction proces®eproduced from ret?®

PrecipitationMethod

This method is based on the selective adsorption and exchange properties ofdibieseint
compounds. In this method, an easily soluble sulfide compound, such as sodium sulfide or
hydrogen sulfide, is chosen as the substrate and reacted with a solution containing cadmium ions

to produce cadmium sulfide and the corresponding sodium salt
Cd** (aq) + NaS (aq)U CdS (syf + 2 Na" (aq)

The reaction product, CdS, is a sparingly soluble solid that can form a very small solubility product
in water, making it easy to precipitate and separate. By adjusting reaction conditions such as
reaction time, temperature, reactant concentration, anthpisjze and shape of CdS particles can

be controlled. This is because reaction conditions can affect the growth rate and direction of CdS
crystals, thereby controlling the size and shape of particles.The advantages of this method include
its simplicity,low cost, ease of operation, and ability to control product morphology andrsize.
example,Mohammed et alproposed atrategy to produchighly-confined and monodispersed

CdS narpparticlest?® Speifically, cadmium acetate dihydrate and sodium sulfide nonahydrate
were selected as souscef cadmium and sulferespectively. Meantimeg polymer was also
introduced during CdS syntsis process, whictreatly restited thereunion of CdS nanopatrticles

by polymerizable ligands with terminal double borfEgure23).
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OH
Starch

S, acryloyl chloride

CdS nanoparticles

Figure23. Synthesis process of PARIS. Reproduced from ré&f®
1.4.3 Modification of cadmium sulfide

Although CdSattracted humorous attentioinom scholars due to its great photocatalytic
characteristicsHowever, there are alsseveral drawback#hat obviously restrict the further
development of solar energy collection an vonversion fieldekample, The band gap of CdS is
comparatively narrow, whickvill result in recombination of thghotogenerateélectrons and
holesduring the migratiofrom valance band to conduction batkehding to a significant reduction
in the number of charges reaching the surfateCdS This consequently decreases the
photocatalytic efficiency ofcdS!?’ In addition, photoinduced holes possess strong oxidation
capacity, and as a result, aegcompose some cadmium sulfide materials@dd, SQ? (oxygen
atmospherg andsulfur. Which named as photocorrosion of CdSTherefore, it is urgent teolve

these flaws t@nhance the photocatalytic performance of CdS.

SemiconductorCoupling

Based onthe valance and conduction band positi@electing another same or different
photocatalytic semiconductors that matcBelS band gap structure to combine togetBgrthis
strategy,it cannot onlyincrease theolar lightresponseability of CdS, and secondlyut also
suppress the recombinaii between charges and holes generated in CdS. Generally, there are two

mechanisnmof photocatalytic activity enhancemethiat behind thesemiconductorcombination
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(Figure 24. One is that under thguidanceof aninternalelectric field,photogenerated electrons
and holes will respectively transfer and aggregate on the conductiowitanigherpotential
energyand valence bandith lower potential energgf the compositsemiconductorstypell),

which significantly weakens theecombination phenomenon between photogenerated electrons
and holes?® The other is that in the composiemiconductorsthe charges accumulated on
valancebandwith higherpotential energwvill combine with the holes on the valence bavith

lower potential energytype Z), thus preserving their respective high oxidation and reduction

abilities, and achieving efficient separation of electrons and ftles.

h* h* h*

Type II Type Z

Figure24. Mechanism of electrons and holes migration.
Liu et al.employed twestep method to seccessifutignstrucDD/2D NiS/CdS nanocomposité!
As shown in Figure 2% sdvothermal strategy was used firstly to produemoflower structured
CdsS, following, NiS was loaded on the surface of CH$ photochemical synthesis method
Combining scanning electromicroscope(Figure 25b)and trangnission electrormicroscrope
(Figure 25c) imagedurtherly proved the heterojunction structubetween NiS and CdS.
Photocatalytic hydrogen evolution resul{&igure 25d) demonstrated thatconstructing
heterojunction structure could dramaticdigighten H productioncompaed to pure CdS or NiS.
Time-resolved photoluminescence (FR.) spectravas conducted tmvestigate theeason of
photocatalytic performance enhancement. As shown in Figurett#bepnjunction of CdS and
NiS enabled the lifetime of photogenerated electrargch denoted the recombination between
charges and holes was sharply prohibited. Based on absits, theydrawn atype Smechanism
in Figure 25e The work functiorof CdS was smaller than Nisherefore, the Fermi level &dS
spontaneously matches with that S when they were combinedloreover, edge of their

conduction and valence bandsreboth bendd, as a result, the formation of a btiilt electric
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field at the interface, whichould guidethe separation of photogenerated electrons and holes in
order.Underlight irradiation,photoinduced eleatnsin the conduction band &fiS would migrate

to the valance band @fdS, therefore high reduction capability of electrons in CdS wé&spt.
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Flgure25(a)Synthesuprocess of 0D/2D NiS/Cd®p) SEM and (c) TEM o€N25,
(d)photocatalytic hydrogeproduction performance, (&me-resolved photoluminescence
spectraand (e) diagram of photogenerateccriens and holes migration of CN25. Reproduced

from ref13!
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Morphology Modification

The norphology modification stratggs a very common method to improve ttegalytic activity

of photocatalyticsemiconductomaterials By adjusting the characteristics of semiconductor
photocatalysts, such as their shape, size, and crystal faces, the catalytic performance can be
optimized. Here are some common strategies fophmogy control of photocatalysts) Crystal

face control: selecting different crystal faces and orientations to adjust the surface structure and
electronic properties of photocatalysts. (2) Simed shapeontrol: adjusting the particle size and
shapeof the catalyssuch as pore structure and nanowitesgontrol the surface area and the
number of reactive sites. (3) Active site control: by introducing active sites on the surface of

photocatalysts to adjust their electronic structure and reactivity.

Yu et al.synthesized a series of CdS with different morphiel®dpy solvothermal procesasnd
then a clearmechanism ofphotocatalyticactivity enhancementia combining the theoretical
simulation investigatiof®? As shown in Figur@6a,various morphologies of CdS were prepared
the irregulafA), nanopatrticle (B), nanorod (Ghe urchin likedD) andnanowire (E) byselecting

differentsulphursource andsolvens. The test result of nitrogen adsorptidasorption isotherms
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and the corresponding peseze distribution curvegFigure 26b)proved that morphology
controlling could affect the specific surface asral pore size of catalystswhich resulted in
constructed more active sités.addition,they found that the absorption edge of santhl® and

E exhibitedblue-shift compared with sample A and B, whicbuld beattributedthe changes in
band gap resultingdm morphologies with different crystal facétd Finally, based on hydrogen
evolution activity thahanowire structured Cashowed highest performance arouhd(mmol -h
L.g?), a possible mechanism was proposed. Compared to other nanostriticia® easieand
fasterfor photoinduced electrons and holes to migfaten the interior to the active site of surface
in nanowirestructured CdS. Therefor¢he construction of morphology and crystal structure

played a crucial role in enhancing photocatalggcformance of CdS.

200

|
—_~

=
~

—

0

S
n

dv/dlogw (em’/g)

w
S
1

Volume adsorbed (cm’I STP/g)
g

04 0.6 08 1.0
Relative pressure (p/p"]

e
=]
=
o

£
3

(d 803

800

‘])

700

-
o
I

S
©
n

=)
IS
"

Absorbance (a.u.)
=
o
ll:-production rate (umol h
w
~
~

o
[N
1

0.0 T T T P
400 500 600 700 800 A B Cc D E

Wavelength (nm) Samples

Figure26. (a) SEM images, (bINitrogen adsorptioidesorption isotherms and tberresponding
poresize distribution curves (inse{c) UV-Vis absorption spectra and (photocatalytic
hydrogen production performanoéprepared CdS catalys®®eproduced from ref?

Non-semiconductorCocatalyst Loading

There are two common types of asemiconductor ceatalysts. One type is the precious metal
type, which involves loading noble metals suciasRu, andPton the surface of the catalyst at
the nano or atomic level hE other type is the neprecious metal catalyst, which has a-Migible

absorption spectrum without an absorption edge, meaning it can absorb all wavelengths of light in
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sunlightsuch as NP, carborguantum dotsHowever, regardless of which type @jcatalyst is

used, the mechanism for enhancing photocatalytic performance is roughly th&panitcally,
photogenerateelectrons and holes will be produced primary semiconductor photocatalyst
underlight irradiation.Meanwhile, The Fermi level of cocatalyst loaded on the surface is lower
than that of the main semiconductor photocatalytic material. Therefore, it can effectively reduce
the potential of thenain semiconductor photocatalytic material. The photoexcited free electrons
will automatically migrate towards theocatalyst which suppresses the recombination rate
between the electrons and holes, thereby enhancing the photocatalytic activity.

Li and coworkersloaded Pt nanoclusters on th&face of nanoflower structured CatSmprove

the photocatalytic hydrogen evolutiomte of CdS3* As shown in Figure27a and b, Pt
nanoclustersvere successfully combined with nanoflower structured Byl8igh temperature
thermal treatmenEollowing step, photoatalytic characteristics tests were conductdidjtoe out

the influence of Pt on Cd® could be found thad moderate amount of Pamoclustersould
significantly enhance theisible lightabsorptior(Figure27¢ andphotoinduced carriers separation
(Figure 27d)of CdS Photocatalytic H production performance wasrried out and shown in
Figure 27eResults proved that Pt nanoclustelbsiouslyintensified hydrogeevolution rate from
0.4 to 10.2 mmol-f, in addition the stability of CdS waalso improved simultaneously. Therefore,
based on aboveesults,a reasonabl@hotocatalytic mechanism was proposed as displayed in
Figure 27f.MonodispersedPt nanalusters that ggw on the surface of CdS could accelerate the
migration of photogenerateglectrons from CdS to Ptyhich effectively facilitated hydrogen

oxidation process.
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Furthermore, certain alternative noovel metal materialgan alsoexhibit equalor superior
L e iugednoble metak ,

strengthening effects comparedimvel metal As repot e d

free metallic MoC to improve photocatalytic activity of Cd#5The whole preparation process
was displayed in Figure 28adS wagproduced by hydrothermal strateggfly and therdeployed
synthesised MoC was combined to CdBh a facile physical mixing methodhis coexisted

i n

structure was proved lgrystal fringe of CdS andMoC that exhibited in Figure 28 Form UV-

Vis diffusion reflectance spectra of all prepasaanplegFigure 28c) it could be found that MoC
could improve the light response ability of pure CdS. In addition, M@&S noobvious light
absorption boundaryrom 306800 nm which meansMoC is not a typcal photocatalytic

t hey

semiconductor material’he effect of enhanced light absorption that manifests in the performance

of hydrogen productionis the performance of splitting water into hydrogen5ofnt% MoC
decorated Cd® 2 4 . 5 YisnfoSitirheh more thampristine CdS(29.8e mo 1) Lwich was
also higher thamovel metal Pt loaded CdSCombining DFT theoretical calculation and
experimental resultshey proposed thathe photoinduced electrons producedCdS under
illumination wererapidly transferred to the surface mdn-novel metal cocatalyst MoG@hrough
the interface betweethesetwo materials,which effectively inhibied the recombination of
electrons and holes. The active electrons transferred taitfees ofMoC reducel the surface

adsorbed water molecules to hydrogenegaentually
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2. Research objectives and research content

2.1 Research objectives

As mentioned earlier, in the current context of the escalating fossil fuel energy crisis, if it is
possible to produce renewable hydrogen energy and effectively convert abundant-aatliéow
lignin into highvalue chemicals at the same time, this wouehtly reduce environmental damage.
However, traditional methods to realize the hydrogen production (water electrolysis) and the
conversion of lignin (pyrolysis) both consume a significant amount of energy. This not only fails
to alleviate the crisis, baiso leads to the removal of functional groups from the lignin conversion
species in a higkemperature environment, which reduces the value of the conversion products. A
more gentle reaction condition and a better selective photocatalytic technologyttaroatalytic
process, which exhibites enormous potential in the production of hydrogen and the lignin
conversion Neverthelessthere still has several challenges before the realization of hydrogen
producton and lignin conversion under gietocatalysiswhich are summarized in the following

points:

1. Photocatalytic efficiency: Current efficiency and stability of photocatalytic hydrogen
production is comparatively low, which can be attributed to inherent deficiencies in the
catalysts themsebs. Specifically, this inefficiency arises from the limited capability to
generate photoelectrons and holes, as well as the suboptimal separation efficiency of these
charge carriers, subsequently impacting the rate of hydrogen generation. Therefore, it is
crucial to apply modification method such as element doping to improve this situation.

2. Sacrificial reagent replacement :The involvement of sacrificial agents, such as lactic
acid and ethanol, is almost ubiquitous in photocatalytic hydrogen productioespes,
undeniably increasing the overall cost of photocatalysis. Lignin is not only inexpensive and
abundant but also serves a dual function in photocatalytic reactions as both an electron
donor and a hole scavenger. Therefore, rationally designing statedybreak free from the
constraints of traditional sacrificial agents on photocatalytic reactions and obtain valueable

chemicals from lignin conversion
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2.2 Research contents

Despite the numerous advantages of photocatalytic technology, thetid aignificant obstacles.

Firstly, although cadmium sulfide has good photocatalytic performance, it is prone to make the
photocorrosion, which significantly weakens its redox ability. Secondly, both natural and technic
lignin have poor solubility in wat, which undermine the mass transfer eficiency between catalysts
and lignin, which is fatal for heterogeneous catalysis such as photocatalysis. Therefore, we tried
to optimize the photocatalytic performance of cadmium sulfide materials by constructing
hompjunction and heterojunction structure. The evaluation of photocatalytic activity based on
hydrogen production and lignin phatmversionperformance. A series of characterization
strategies such as-bay diffraction, gas chromotography, mas chromotography and so forth were
employed to analyze and clarify the relationship between the modification methods and enhanced
performance, reasonaldenversion mechanisms were proposed at the end. Specifically, the main

research contents of this paper include the following aspects:

1. Cadmium sulfide with homogeneous crystal structure was prepared by -potone
solvothermal method using cadmium acetatéthioacetamide as the cadmium and sulfur
sources, respectively. Subsequently, homojunction modification strategy was evaluated for
its impact on the enhancement of photocatalytic hydrogen production and kraft lignin
photaconversiorof cadmium sulfide.

2. Depoying solvothermal and higtemperature phosphorization methods to load nickel
phosphide on the surface of cubic phase cadmium sulfide. The ability of the photocatalyst
to upgrade raw biomass into highlue chemicals and produce hydrogen were investigate
and possible catalytic mechanisms were analyzed based on performance tests, material
characterizations, and theoretical calculation results.
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3. Homojunction Structured Cadmium Sulfide Enhances Photocatalytic Coproduction of

Hydrogen and Kraft Lign in Conversion
3.1lIntroduction

The energy crisis has aroused great concern around the world because of the huge consumption
and finite storage of fossil fuels. Hydrogen, as a green and renewable energy, is an alternative for
solving this problem®® Traditionally, H, energy is obtained from water electrolysis or fossil fuels

such as coal bgonversiofgasification technique’s’ Although these techniques can produce
hydrogen on a large scale, this process is not sustainable as it requires high energy inputs (such as
high temperature) and generates numerous contaminants (such as nitrogenous and sulphur

containing compounds§®

Alternatively, photocatalytic hydrogen evolution from water stands out in terms of the
inexhaustible and sustainable properties of solar energy. Limiting by the harsh thermodynamics
and slow reaction kinetics of water oxidation, saldven hydrogen prodiion from water
splitting still suffers from extremely low efficiency. Excess electron donors such as alcohols,
sulfide and triethanolamine are needed to timely eliminate photogenerated holes, which is not
sustainable due to the high cost and/or toxicftthese additives. From this aspect, biomass with
abundant reducible groups such as hydroxyl groupuasaturated bonds is theoretically feasible

to improve photocatalytic efficiency for hydrogen production as the electron donor. Up to now,
cellulose antbr hemicellulose photwnversionfor hydrogen production has widely been
investigated® **However, due to the complex compound and structure as well as the competition
for light absorption, usig lignin to produce His rarely reported, although lignin is reproducible,
carbon neutral and without the timescales of fossilizafidtf? Kraft lignin is in enriched from
chemical pulping process, the production rate is around 78 million tons péf3éeatt lignin is

the natural and ideal source to produce aromatic compounds and jet fuels. It could be foreseen that
lignin photaconversionto produce hydrogen, vakaglded chemicals or fuels simultaneously will

hold great potential &m both academic and industrial points of view.

To realize above scenarios, efficient and dually functional photocatalysts should be rationally
designed. Cadmium sulfide (CdS) is a typical visiiét responsible photocatalyst that has been
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investigatedfor lignocellulose photoonversionto produce hydrogen. Limited to the intrinsic
recombination of photogenerated electrons and holes, pristine CdS without modification suffers
from unsatisfactory activity and stability. Therefore, to pursue better phalgicaperformance

of CdS, constructing charge transfer channels by forming heterojunctions has been extensively
investigated. Br example, noble metals (Pt, Au, etc.) with high working function were decorated
onto the surface of CdS to form Schottky juoetto improve photocatalytic hydrogétf146
Combining with other semiconductors such aszF®g-CsN4,**” and MoS'*8to form typell, Z-

or Sscheme is another common strategy to boost photocatalytic activity. However, the
mismatching in latticeof heterojunction structured catalysts ghgancreases the impedance of
charge immigration at the interfaces, leading to the accumulation and recombination of
photogenerated electrons and holes. From this aspect, a homojunction structure constructed by
different crystal phases with perfect lagtimatching can eliminate the interfacial impedance and
then facilitate the transfer between electrons and Rtté3.Cubic zineblende (ZB) phase and
hexagonal wurtzite (WZ) phase are the common crystal structures\Vbfsimiconductors,
Oriented preparation of &dvith ZB and WZ homojunction can spontaneously realize the spatial
separation of photogenerated electrand holes, theoretically boosting photocatalytic activity for

both hydrogen production and kraft lignin valorization.

Therefore, we developed a epet method Figure 29), to facilely regulate the crystal phase of
CdS. With a different time of hydrotherma&action, ZB phase was gradually transformed into a
thermodynamically stable WZ phase and the CdS homojunction was obtained during this crystal
transition, which was also accompanied by the formation of sulfur vacancies. With the synergistic
promotion ofZB-WZ homojunction and sulfur vacancies, the mixed phase CdS (MCS) exhibited
excellent activity for simultaneously producing H8 3 5 . 8 "*h) and phierplic compounds

from kraft lignin for the first time. Varieties of characterizations wemgployed to reveal the

reason that mixed phase CdS possessed better photocatalytic performance.
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Figure29. The process of the ot method to synthesize mixed and pure phases CdS

3.2Experimental section
3.2.1Materials

Cadmium diacetate dihydrat{€d(CHCOOQO)-2H20), thioacetamide (TAA), sodium hydroxide
(NaOH), ethylenediamine (EDA) are analytic grade and purchased from -Biginneh without
further purification.

3.2.2Synthesis of catalysts

All zinc-blade (ZB), wurtzite (WZ) and mixed (M) phase CdS were synthesized by thgobne
solvothermal strategy with different heating times. Specifically,98 mmol of
Cd(CHCOO)»:-2H,O was added into a mixture solution that contained 12 M NaOH and EDA
(VNaoH : VEDA=5 : 1) with 30 minutes of intensive stirring.39 mmolof TAA was added under
continuous stirring untill particles are completely dissolvethesolutionwas transferred into a

100 ml Teflonl i ned autocl ave anmwih difierentnheating tineeahd theh 1 8 0
naturally cookdto room temperaturé-or zineblende phase CdS (ZBCS), mixed phase CdS (MCS)
and wurtzite phase CdS (WZCS), the heating time was 1 h, 6 h and 12 h, respectively. After cooling
to room temperature, the samplvas collected via centrifuging, washing with DI water and

met hanol several ti mes, and drying at 60 oV
3.2.3Characterization of material

More details can be found in Appendix A.
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3.2.4Photocatalytic measurement

1% Pt was loaded othe surface of prepared catalysts by the pliejoosited method. The
photocatalytic experiments were performed in a 20 ml glass vial. 20 mg of kraft lignin and 10 mg
of prepared catalyst were mixed with 10 ml NaOH (5 M) solution with sonication for 15 hen.

light irradiation was provided by a 300 W Xe lamp (Excelitas Tech., United States). The gaseous
products were periodically collected and quantified by a gas chromatograph (GC, PerkinElmer
Clarus 590) while the liquid products were analyzed by a gasneitography mass spectrometry
(GC-MS, Orbitrap Exploris GC 240 Mass Spectrometer, ThermolFisher).

3.2.5 Controlled experiment

20 mg of kraft lignin and 10 mg of prepared catalyst were mixed with 10 ml NaOH (5 M) solution
with sonication for 15 min and théransferred into a 20 ml glass vial. Following, placing the glass
vi al in an oil bath at 80 and shading it.

3.2.6 Photoelectrochemical measurements

Using a working electrode that the FTO glasse was spread by photocatalyst slurry (mixing 20 mg
preparedcatalyst with 5 wt% Nafion solution), a Pt plate and an Ag/AgCI (saturated in KCI)
electrodes were selected as the counter electrode and the reference electrode respectively. Then
the photoelectrochemical property was measured by the electrochemicaiavonkECHI 760E)

with a standard threelectrode system, 0.5 M BBy solution and 300 W Xenon lamp (PLS

SXE300D) were used as electrolyte and light source respectively.

3.2.7 Soluble compounds analysis

First, remove the insoluble substances inthequi d by wusing a 0.22em fil
the filtered liquid. Then, repeating the extraction of organic compounds in the liquid three times
using 5 ml of ethyl acetate each time. Finally, concentrate the 15 ml of extracted liquid with
nitrogengas to 3 ml, and take 1.5 mL for testing. The-K§ is an Agilent system (model number

890B GC and 5977 MS), oven tempd83Ua(gilenteHRi s 280

5ms Ultra Inert Columns).
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3.3 Results and discussions
3.3.1Morphology and crystal structure

Polycrystalline Xray diffraction (XRD)patternof prepared samples were employed to investigate
the crystal structures and constitutions of prepared samples. As shown in3PayLae expected,
ZBCS and WZCS samples showatthracteristic diffraction peaks with standard zatende phase

and wurtzite phase respectivél1**While the MCS exhibited both cubic ZB and hexagonal WZ
characteristic phases, indicating the formation of homojunction in the MCS sample. The
morphology of MCS was observed by soag electron microscopy (SEM) and transmission
electron microscopy (TEM). The nano prisms that were decorated by nanoparticles could be
clearly observed (Figur80b and30c). The highresolution transmission electron microscopy
(HRTEM) (Figure30d) proved that nano prism and nanoparticle were hexagonal wurtzite CdS and
cubic zineblende CdS, respectively® *6According to relative research’ the dissolution and
recrystallization process corresponds to the crystal transformation from ZBCS to WZCS. The
initially formed ZBCS nanoparticles dissolved under thalrothermal condition, and then
transformed into nano prism structured WZCS through a recrystallization process (RAfure S
This process would be repeated until almost all nanoparticles were converted into nano prisms.
Corresponded\. adsorptionrdesorpion isotherms and pore size distribution results were displayed

in Figure 7. All samples showed classic Type IV isotherm curves indicating the presence of
mesoporous structuté® °MCS (77.14m2-g ) had the largest specific surface area than ZBCS
(45.74m?.g) and WZCS (62.08?-g1), which could provde more active sites for photocatalytic
reaction. In addition, compared with MCS and WZCS, ZBCS displayed a larger H3
adsorptiontidesorption hyst ethemrne structue evas cdused m 0 .
by stacked nanoparticles, which was caesiswith the SEM result of ZBCS (Figur&&)15°
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Figure30. (a) XRD patterns of ZBCS, MCS and WZCS with the standard patterns of wurtzite
andzinc-blende CdS, (b) SEM, (c¢) TEM and (d) HRTEM images of MCS.

3.3.2 Chemical state and internal elemental bond composition

The chemical state and electronic interaction in homojunction structure were investigated by X
ray photoelectron spectroscopy (XPB).Cd 3d spectra (Figurgla), the characteristic peaks at
around412 and 405 eV were attributed to Ccb3dnd Cd 3¢z 0f CP*.1°% 1%2For S 2p spectra
(Figure31b), it was deconvoluted into two separate peaks at around 163 and 161.5 eV, which were
assigned to S 2pand S 2p. signalst®® **Noticeably, compared with ZBCS and WZCS, the
XPS spectra of Cd 3d and S 2p of MCS showed a distinctive shift to lower binding energy,
indicating the formation of more sulfur vacancies of MCS homojunéfitfio prove the above
hypothesis, electron spin resonance (ESR) was performed. As shown inHigu8CS, MCS

and WZCS displayed resonanignsils at g = 2.003, which was generated by the presence of sulfur
vacancy®® 1% The signal intensity of MCS was significantly higher than those of ZBCS and
WZCS, revealing the MCS with homojunction possessed more sulfur vacancies. The solar light
responsibility of all saples was revealed by UMis diffuse reflectance spectra from 300 to 800

nm was also employed. All obtained samples showed light absorbance onligsibtegion in
Figure31d. Compared with the absorption edge of ZBCS (545 nm) and WZCS (554 nm), MCS
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pos®ssed a better visiblgght response ability on 577 nm. In addition, MCS showed a absorption
around neamfrared region (more than 700 nm), it was higher than ZBCS that could be attributed
to the interface effects within homogeneous structures boldteediyht absorption capacit{®
According to the UWis absorbance spectrum, the band gap energy of samples could be calculated
and displayed on the inset of Figu81d. MCS presented a narrower band gap of around 1.6 eV
than ZBCS (1.75 eV) and WZCS (1.74 eV), which would shorten the transmission distance of
photogenerated electroH$ As a consequence, mixing zibtade phase with wurtzite phase could
optimize the photoelectric properties@dS11®In order to facilitate the follovup study of charges

and holes transfer pathway, X®B spectroscopies of all samples were conducted and shown on
Figure 31e. The valance band position of ZBCS, MCS and WZCS were 1.7, 1.5 and 1.3 eV
respectively. Obviouslycombining U\vis result with VB XPS spectroscopies (Figusie),
constructing mixed phase structure could be used as a method to adjust energy band of
photocatalytic semiconductors. And corresponding schematic diagram of bandgap was also
showed in Figur&1f. Compared with ZBCS and WZC8aence and conduction band potential

of MCS were more suitable for splitting water into hydrogen.
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Figure31. (a) Cd 3d and (b) S 2p XPS spectra, (c) ESR spectra, (diisg)ght absorbance and
corresponding Tauc plots, (e) XPS valence band spectra and (f) schematic illustration of bandgap
structure of ZBCS, MCS and WZCS.

3.3.3 Photocatalytic performance and photoelectrochemical properties

MCS

The H production capacity of prepared samples was tested and shown in RAguF®BMCS, it
presented the highest hydr og@ém!thanrzBau(e8i.42o0n r a
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emotit)y and WzZCS (B2 Bear migethphhsk gould improve ptoduction

ability of CdS under light irradiation. It is worth noting that the temperature presented an increase
due to the dark color of the kraft lignin solution, therefore, a contrast experiment was conducted
to illustrate the role of photo and helaat played in the hydrogen evolution process. As shown in
Figure S8a, hydrogen production was dominated tbne photocatalysis process and only trace
amounts of hydrogen can be detected under thermal catalysis. However, combining photo and
thermal catalysis, hydrogen evolution sharply increagedhwas about two thes more than pure
photocatalysis. It can be infed that throughout the photocatalytic process, the temperature
increase could facilitate the generation of photocatalytic hydrogen. In adduiwantresearch

on lignin based substrates associated photocatalytic hydrogen production were collected and
showed in Table § which demonstrated homojunction structured CdS possessed good hydrogen
production capacity than others. The AQY value of MCS is about 4.2 % under 400 nm
monochromatic light and the AQY value of MCS showed a similar trend witlvis'@bsobance
spectrum pattern (Figur@2b). The recycling test of MCS was also investigated to reveal the
stability of MCS and presented in FiguB2c. After 5 cycles, the hydrogen production rate
presented a little bit down, which might be ascribed to thedbsatalyst after every recycling

test. Meanwhile, the crystal structure of MCS was also investigated to probe the revelation. As
shown in Figure S3b, the crystalline phase of MCS revealed a decline in its strength as compared
to its initial state, withiie exception of the peak at 26.4°after 5 cyclings photocatalytic reaction
test, whichmeant the fraction of catalyst was devastated. Referring to related literature, the primary
reason for the decrease in hydrogen production performance was due to tbmegu@n of
photocorrosion of cadmium sulfidé® Hydrogen production ability of MCS in pure alkaline
solution was also employed in order to exclude the influence of MCS itself to split water into
hydrogen. As displayed in Figure &3 MCS showed an ignored hydrogen production rate of
about 34 8 6which merified Rraft lignin was important for a high ldroduction
capacity of MCS. In order to explore the reason for the highgptddluction ability from kraft

lignin over MCS, relative measurements were applied. For the photocurrent respb(iSgues

32d), all samples showed response under light irradiation. The intensity of photocurrent responses
could correspond well to theoiproduction performance, which demonstrated mixed phase could
significantly enhance the separation efficiency betwplkotogenerated charges and holes. PL

emission and timeesolved PL spectrums furtherly proved this conclusion. In Figdes &ll
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samples manifested the absorption peak at around 60GmhMCS showed the lowest
fluorescence intensity than ZBCS and WZ@8ich meant great separation of photoinduced
carriers in MCS/! With respect to Figre 32f, MCS showed slowest decay curve than WZCS

and ZBCS, corresponding fluorescence lifetimes were 0.908, 0.837 and 0.834 ns, respectively. As
a result, constructing homojunctiamas proved to be an effective method to improve charge

carriersd6 separation efficiency.
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Figure32. (a) Hydrogen evolution, (b) UVis absorbance spectrum, (c) band gap energy, (d)
photocurrent curve (e) PL emission spectra and (f)-teselved PL spectra of ZBCS, MCS and
WZCS.

Figure33displayed the electrochemical characteristics of all samples. Electrochemical impedance
spectra (EIS) showed that MCS had a smaller diameter (F3gaje which proved constructing

two phases could accelerate the chdrgesfer speed of CdS.39 Cyclic tashmetry curve (CV)

was measured to reveal the positioning of the reduction and oxidation potentials. As shown in
Figure33b, all samples exhibited separated redox peaks with different levels under a scan rate of
10 mV/s, MCS showed the largest current pamned with ZBCS and WZCS, namely, MCS
possessed higher electron cloud density that was caused by more efficient shuttling of the
electronst’? 1t can be seen from Linear Sweep Voltammetry (LSV) results (FBRoethat MCS
presented the smallest onset overpotential than ZBCS and WZCS samydl@snad/cnt. It
swggested that the construction of mixed phases in CdS could enhance proton reduction ability,
which was consistent with the hydrogen evolution result (Fig2a¢. Therefore, based on above

test results, a conclusion could be drawn that the homojunctiartist could obviously optimize
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the separation rate of photogenerated carriers and elécrmier speed, as a consequence, H

production ability exhibited an obvious enhancement than pure phase CdS under light irradiation.
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Figure33. (a) Electrochemical impedance spectra (EIS), (b) cyclic voltammetry curve (CV) and
(c) Linear Sweep Voltammetry (LSV) of ZBCS, MCS and WZCS.

3.34 Liquid sample analysis

In order to investigate the potential of MCS that converting\ailmekratft lignin into high value
added chemicals, the whole reaction was extended to 20 hours. Intuitively, the &oddr lagnin
faded from dark brown to light brown after 20 h (ingtture of Figure34a). A corresponding
UV-vis absorbance spectrum was employed and shown in R3dardt could be found that the
absorbance peak kfaft lignin solution at 21@nd280 nm presented an obvious decline compared
with fresh solution, whickvas attributed to the unsaturated chains or chromophoric group of lignin
were decomposed? 19 173The liquid product was identified by Gas Chromatography Mass
Spectrometry (GEMS). Compared with Figurgdb and34c, a stronger characteristic peak of 2,2’
methylenebis[§1,1-dimethylethyl}4-methylphenol wa detected compared with standard
GCMS spectrum (Figure 39), which meant MCScould convert kraft lignin into phenolic
compounds. Moreover, the test result also redsaime alkanes could be produced such as decane
anddodecane (Figur84c, A0 and 311) after 20 h photocatalytic reaction. It was worth noting
that the characteristic peak of 2r@éthylenebis[§1,1-dimethylethyl}4-methytphenol was
detected before the photocatalytic reaction. According to Gan et al. research, kraft lignimecould
depolymerized and activated into phenolic compounds under an alkaline métitrarefore, a
controlled experiment was dpl to exclude the influence of alkaline solution on the production
of phenolic compounds from kraft lignin in this research, namely, the whole reaction possessed
the same content of reactants and reaction condition, the only difference is that whetheaMC
introduced. Compared with the initial GCMS result (Figg4k), there was no distinctly increased

content of phenolic compound in controlled experiment from Figdge Based on above results,
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it can be proved that MCS played the key point in theemsion of kraft lignin rather than alkaline

solvent.
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Figure34. (a) UV-vis absorbance spectrum of Kraft lignin solvent before and after photocatalytic
reaction. (Inset picture of (a) is corresponded solution color). (bjcamMdC-MS signals for the
products in liquid before and after photocatalytic reaction respectively.

3.35 Mechanism
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According to above components analysis of gas and liquid, a fepatbiayfor photocatalytic
hydrogen production and kraft lignin conversion has been put forward and depicted in3bigure

It has been observed that for pure phase CdS (wurtzite and zinc blende phases), the photoinduced
electrons and holes tend to rapidly recamebiwhich significantly reduces their photocatalytic
efficiency. However, homojunctiestructured CdS with abundant sulfur vacancies acts as an
effective conduit for photogenerated charges and holes. Specifically, electrons migrate from the
conduction banaf wurtzite phase CdS to the conduction band of zinc blende phase and then
further transfer to Pt nanoparticles, while holes follow the opposite diré€tidf.Consequently,
hydrogen can be produced through the reaction between free electronganldculesWith

regards to kraft lignin photmnversion previous studies suggest a probable mechaffisih %

This mechanism comprises two steps: (1) electrons and holes directly react with functional groups,
leading to the decomposition of kraft lignin into smaller fragments. (2) faddeals with potent
oxidizing properties, suc hf‘)racﬁcalshq;mlgenerat@dlandménOH)
react with the chemical bonds of kraft lignin to form aromatic compounds.
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Figure35. Possiblemechanism of hydrogen production and kraft lignin pbotwersion
3.4Conclusion

To sum up, mixed phases CdS with rich sulfur vacancies were successfully prepared by the one

pot method, homojunction structure endows CdS with faster sepabatiaeen photogenerated
charges and holes, which contributes tht a gre
from kraft lignin solution. In addition, kraft lignin could be converted into some high-zaided

chemicals such as alkanes and phienobmpounds over homojunction structured CdS. This
research could provide a fresh idea to produce fuels and chemicals from lignocellulosic biomass

by photocatalytic technology.
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4. Synergistic N2P/CdS Effective EnhancingPhotocatalytic Hydrogen Production and

Lignocellulosic Biomass Photoonversion
4.1 Introduction

With the aggravation of the energy crisis, tleebpment and utilization of clean and sustainable
energy have been extensively pursued. Hydrogen as an enfregduoel plays an integral role in
replacing fossil fuels as the negéneration energy carriéf: 1’4 1> Currently, about 95% of
hydrogen is produced from the grey routine which involves fossil fuels such as coal as the starting
materials 138, Comparatively, the photocatalytic water splitting process greatly meets the
sustainability of hydrogen generatidfP'’8, However, the practical investigations are highly
limited by the oxygen evolution reaction (OER) as it requires extremegly dnergy input and
suffers from slow reaction kinetics due to the felectron reaction pathway®. Herein, sacrificial

agents are always involved in the piaatalytic hydrogen production process as the electron donor
to replace the slow OER process. The most widely used sacrificial agents including methanol,
triethanolamineand NaS/NaSO; somehow reduce the sustainability of photocatalytic hydrogen
evolutionas the nonselective conversion of these additives would induce the environmental issue.
Besides, the high prices of these sacrificial agents greatly limit the economic feasibility of this
process. Alternatively, biomass with abundant reducing groupsasublydroxyl and aldehyde
could theoretically act as electron donors to achieve photocatalytic hydrogen protfuBlimreer
investigations have been demonstrated bysReer 6 s group about using
photocatalysts for hydrogen production via biomass mlooigersiorprocess which involves high
alkalinity to destroy the intrinsic recalcitrance of lignocellulosic biom&ssiowever, the lack of
bifunctional photocatalysts makes biomass ptateersioronly feasible for hydrogen production.

The selective biomass photmversionprocess with the eproduction of hydrogen and value
added chemida holds more bright prospects and it also puts much high demands on the

photocatalyst desigh™.

Cadmium sulfide (CdS) commonly used photocatalyst for hydrogen production because of the
moderate bandgamd. § = 2.42 eV)and conduction bandf? Besides, @S has been widely
applied in biomasselated photocatalytic reactions due to the highly efficient bond breaking ability

for C-O and CC. Great challenge by using Cd& fselective biomass phatonversioncomes
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from the fast recombination of photogenerated charge carriers and intrinsic photocorrosion. Herein,
numerous investigations have been performed by constructing heterojunction structures, crystal
facet regulationand morphology conctrol to improve the overall photocatalytic efficiency of CdS.

Li and ceworkers showed that ordimensional NiS/CdS nanocomposites could effectively
generate hydrogen from mixed solution of lactic acid and lignin under visible ligbtation.
Neverthelesshydrogenis the only product with high value in their research, as photogenerated
holes with super oxidation capacity that causedhlaywas causeddy the valance bangbosition

of CdS directly over oxidize lignin into carbon diogidnd water, which is failure to maximize

the advantage of biomass phataversion'®. Wu realized the effective conversion of native
lignin into aromatic monomers such as syringyl ajdiacytderived ketones by connecting

organic alkyl ligands with CdS quantum déts

Cocatalyst loaded strategies are commonly used to improve the activity of photocatalytic
semiconductorswhich can boost the photocatalytic performance dffectively separating
photoinduced charges and hol&%!8°. Conpared to a semiconductor cocatalyst that needs to
seriously consider the band gap matching with the primary catalyst, it is simpler to a couple of
nonsemiconductor cocatalysts. Nobhetal cocatiysts such as P£5, Au ¥, Ru'®and so forth

are proven to effectively enhance the fast migration of electrons, however, the cost of noble metals
greatly limits their practical application®. The advent of nenoble metal cocatalyst, especially
transition metal phosphides (TMPs), sheds light on this dilemmal®admi;P 1%, Fe:P 1°2and

MoP 1°3 are typical representatives in photocatalysis related research muméoousadvantages

such adight absorptiorenhancementpw overpotentialdor H, and great*®+°6. Among TMPs,

the low cost,metatlike characteristicscommercial availabty and lower surface hydrogen
binding energy enable PR to stand out the leading role in the hydrogen production précess.

the aspect of lignocellulosic biomass conversion, especially for Jighen high surface and
electron density of metadites of N3P enable it to exhibia remarkable hydrodeoxygenation
property 7. Therefore,Ni-P is usually used to produce alkanes from lignin substrdtes
Nevertheless, this conversion process commonly occurs in thermal catalysis, high temperature and
pressure reaction conditions are necessary to overcome the activation'@hdrggrefore, tiis
significant importance to render the catalytic conditions of biomass conversion milder while

simultaneously preserving the high catalytic activity off\i
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At present, in the research related to ligtamversiorbased on cadmium sulfide, hydrogen as

the main product, and valuable phataversionproducts of lignin have not been found. This
might be due to the fact that after the cadmium sulfide material breaks the bonds, the fragmented
lignin structure reaggregates. In thermal catalysis, the bg@oxygenation ability of nickel
phosphide can effectively protect the small molecular fragments after lignin depolymerization.
This will be more conducive to the generation of higlue chemicals from lignin. Herein, we
proposed a strategy (Scheme 1)symthesize heterojunctiestructured NiP/CdS to produce
hydrogen and valdadded compounds from lignocellulosic biomass. The introduce® Ni
obviously improved the light response ability and accelerated the separation between
photogenerated electrons armbles. A bottorrup strategy was adopted to evaluate the
photocatalytic activity of the a®bricated composite. As a consequencePKldS displayed an
unprecedented kvolution (199.1 mmol-f-g?) in the presence of lactic acid as theditional
sacrificial agent. Considerable Beneration was also achieved in the presence of lignin (ca. 322.8

e moehtt-g?), cellulose (ca. 531.4 mo t-dgthand hemicellulose (ca. 387c2mo -drthas the
sacrificial agent respectively. More impantly, the simultaneous production of Bhd various
chemicals such as alkanes with different chain lengths was realized by using raw biomass as the
substrate. This present work demonstrates a good example of the rational design of photocatalysts

for lignocellulosic biomass photonversiorto produce fuels and chemicals.
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Figure36. The synthesis process of heterojunctsdructured NiP/CdS.
4.2 Experiment part

4.2.1 Material

Cadmium acetate dihydrate (Cd(&FDO)-2H.0O), thioacetamide (TAA), ethanol,
diethylenetriamine (DETA), nickel (Il) acetate tetrahydrate @MCOO).-4H.0)), sodium
hydroxide (NaOH) and sodium hypophosphite monohydristHP,-H-O) were purchased
from SigmaAldrich. All chemicals are AR grade, Thereno need to furtherly purify.
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4.2.2 Synthesis CdS

Cadmium sulfide was synthesized by the-step solvothermal method. Briefl®,mmol and10

mmol of Cd(CHCOO)-2H,0O and TAA were dispersed into the mixture, which inctUBDETA

(40 ml) and ethanol (20 ml). After 1 h intensively stirring, transferring the yellegrisén color

of the slurry into an autoclave reactor (100 ml) with a gftdyrafluoroethylene) (TefloAjned

and heat etbr 48 h. Wadh the autoclave réarc naturally cooled down to room
temperature, centrifuged the yellow color slurry and washed with water and methanol several times

to ensure that all impurities were removed. In the end, the obtained sediment dr i ed at 6

overnight.

4.2.3Loading different amounts of NeP on CdS

200 mg prepared CdS and a certain amouhli@HzCO0).-4H,O were dispersed into 30 ml DI

water, the mass fraction of nickel is 1, 3, 5 and 7%, stirring for 5 h. A varied amount of NaOH
powder was introduced in aixed solution with the ratio of Ni : Oldt 1:2 and stirred for another

1 h. Following that, the above mixture was fil
methanol several times simultaneously. the powder that dried naturally was collectedusntt g

with NaHPG-H20 until well mixed. The next step, transferring the above mixed powder into a

guartz boat and heatingat300 f or 4h under an Argon at mospher e
Quantitative NiP that loaded on the surface of CdS was prepared and named as Xri¢@nd

different mass fraction of Ni, X=1%, 3%, 5% and 7%.

4.2.4 Photocatalytic H production from water

The photocatalytic activity was tested in a closed glass vial (20 ml). In,ddaitg prepared X

NC was dispersed into 10 ml of an aqueous solution of lactic acid (10 vol%) and then sealed by a
rubber septum and kept stirring during the entire photocatalytic reaction. 300 W Xenon lamp
(Excelitas Tech., United States) was selecteth@dsight source (with a series of wavelength cut

off filters) to irradiate above aqueous solution and maintain for 5 h. The gas production analyse
was periodically monitored on a gas chromatograph (GC, Clarus 590, PerkinElmer, Inc., United
States) with dhermal conductivity detector (TCD). The apparent quantum yield (AQY) will be

calculated according to the following equation:
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4.2.5 Lignin, cellulose, hemicellulose and raw lignocellulosic biomass photmversion

First of all preparing reaction solutions with different substrates. Taking the lignin as an example,
dispersing 10 mg X NC into 10 ml 2 g/L kraft lignin solution (1 M, 10 ml NaOH solution). After
10 min of sonication, the suspension was irradiated with a 300 W Xamgmn Gas product was
analysed by GC (Clarus 590, PerkinElmer, Inc., United States), in addition, liquid sample after 5
h irradiation was also sampled and detecte@as Chromatographylass Spectrometer (GMS,

Agilent 7890B GC, 5977 M3)Jnited Statefs For the rest substrate, the test procedure is identical
except for the need to replace the substrate.

4.2.6 Characterization details

Thecrystal structure was carried out by powderaX diffraction (XRD, D8 ADVANCE United

State$ that utilizes Cu anode-¥ay tube(a = 1. 54056 () and the scann
2d r an@@. Tleefmor@hBlogy data was collected by scanning electron microscope (SEM,
Hitachi S4800, Japan) and transmission electron microscopy (TEM, JEOL JEM 2100 F, Japan).
The specific surface area and distribution of pores were calculated by BriE@umeettTeller

(BET) and Nitrogen adsorptietiesorption isotherms (Barr@bynerHalenda), respectively. The

light response performance of catalysts was recordedtoawvidletvisible spectroscopy (UVis,
Lambda 365, PerkinElmer IndJnited Stateswith the range from 26800 nm. The elemental
composition and chemical state of prepared photocatalysts were investigatedrady X
photoelectron spectroscopy (XPS, Thermo Fishé&scald 250Xi, United States
Photoluminescence (PL) and timesolved photoluminescence (-HR.) spectrum were measured

via PerkinElmer (LS55, United Statesand Edinburgh Instrument (FLS920, United Kingdom).
The electron paramagnetic resonance (EPR) speeisaused to invest the state of electrons by
JESJES-X320. Electron spiresonance (ESR) spectroscopy was applied to check generated

radicals.
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4.2.7 Photoelectrochemical measurements

According to the previous method. 20 mg prepared X NC was dispersddnmtidafion solution

and treated with sonication for 10 min. After
of FTO glass that should be thoroughly rinsed by ethanol and acetone, drying the electrode at room
temperature subsequently. Utiliziag electrochemical workstation (CHI 760E, CH Instruments
Ins.,United Stateswith a standard threelectrode cell, among these electrodeqrapared FTO

glass with the catalyst film was working electrode. In addition, 0.5 MSRaaqueous solution

and 300 W Xenon lamp were used as electrolyte and light resource respectively.
4.2.8 Contrast experiment

The amount of catalyst, reaction vessel, reaction time, and testing methods were the same as
described in Chapter 2.5. However, irethase of thermal catalysis, the entire reaction was
conducted in 80 ( k-celufose ardihanicélluiose) @il lath ubder shaded ( U
conditions. For photocatalysis, cold air was used to maintain the temperature of the reaction

solution at anund room temperature.

4.2.9 DFT calculation details

More details can be found in Supporting Information.
4.3 Results and discussion

4.3.1 Photocatalyst preparation and characterizations.

The crystal structure of all prepared catalysts was identified by-r@y gowder diffractometer
and shown in Figur87a. All samples exhibited obvious diffraction peaks located at 24.8°, 26.5°,
28.1°, 43.6°, 47.8° and 51.8°, which could be attributgd 10), (002), (101), (110), (103) and
(112) lattice planes o€ubic phase CdS (JCPDS: 0#54), respectively®. In addition, the
intensity of each diffraction peak remained unchanged, indicating loadiRgdidi not disrupt the
original crystal structure of CdS. Noticeably, none of prepared NC sampplRydid the
characteristic peak of Bi# (JCPDS: 08953), which was likely caused by great dispersion or low
actual loading content of pR 2°L N, adsorptiordesorption measurements were conducted to
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investigate the effect of introduced:Rion he specific surface area and pour volume of CdS and
results were presented in FiguB@ andTable S7. The specific surface area of pure CdS was
about 11.2 rhgl. When the amount of B increased, the surface area reached to the maximum
67.9 nt-gL. As a consequence, the pore volume of CdS also exhibited the same trend, which
tentatively demonstrated the strategy that introducing N the surface of CdS would affect the
original morphology of CdS. Therefore, it was necessary to identify the relagibvmedn
morphology of CdS and amount ofzNiadded. As shown in Figud&c and d, pure CdS displayed

a nanoparticle structure, while 5% NC presented a porous structure that was similar to pumice
stone. As a result, 5% NC possessed a high specific surscaraat pore volume. Comparing the
SEM image of 5% NC with the rest different amounts ePNnhodified CdSKigure S5}, it was

evident that a moderate amount ofzNiendowed CdS with hierarchically porous structure.
Nevertheless, excessive;Ridestroyedie porous structure as displayedrigure S5d. Since no
characteristic peak could be used to determine the presencePofrdin XRD spectrum, high
resolution transmission electron microscopy (HRTEM) was conducted to determine the existence
of NioP and e result was shown in FiguB¥e. (311) and (310) crystal planes were found in
prepared 5% NC sample that could be assigned # % Therefore, NiP was successfully

loaded on the surface of CdS.
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Figure37. (a) X-Ray diffraction (XRD) patterns of pure CdS and different loadimgpunt NP
of CdS, (b) N adsorptiordesorption isotherms of prepared samples, (c) and (d) are SEM images
of pure CdS and 5% NC, respectively (scale bar is 500 nm), (e) High resolution TEM image of
5% NC (scale bar is 20 nm).

X-ray photoelectron spectroscopy (XPR8gasurements we further applied to investigate the

surface chemical state of all prepared catalysts. For pristine CdS, as depicted irB&agtnem
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peaks were observed in the XPS spectrum of Cd 3d around 404.4 and 411.2 eV, which could be
ascribed to 3¢k and 3d, spin orbits?®* 2%4 In Figure38b, the binding energies were located at
160.7 and 161.8 eV that corresponded to £.2gnd S 2p», respectively’® 2% However, the
binding energies of Cd 3d and S 2p exhibited an obvious shift from the low to the high position
after introducing NiP into CdS as shawin Figure38a andb, Figure S52 and b. The change of
binding energy revealed the charges redistribution and transfer from CdgPtinNi% NC2%.

Figure 38c and38d displayed the higmagnification XPS spectra of Ni 2p and P 2p, respectively.
The Ni 2p spectra was composed of four peaka.&56.7, 874. 4, 861.7 and 879.1 eV, where the
first two peaks were related toMNlithe rest were assigned to gaellite of Ni 2p/2 2°% 2°° For P

2p spectrum, the characteristic peak at 133.4eV corresponded t@ 8% In addition, there

was no obvious characteristic peak could be detected in the Ni 2p XPS spectra of F¥GUNE (
S52), which might be attributed to the low Ni content. Based on aforementioned charaoterizat
results, it can be inferred that-Riwas synthesized and loaded onto the CdS surface, thus creating
a strong interfacial effect between CdS andPNiwhich significantly enhanced the electron
migration?'#214 The light absorbance of catalysts plays a crucial role in the photocatalytic process.
In this regard, UWis diffuse reflectance spectroscopy (DRS) was employed to investigate the
light absorbance behavior of CdS catalystedified with different amounts of BR. The
corresponding results are illustrated in FigB8e. The pristine CdS exhibited an absorption edge

at around 550 nm. With increasingzRicontent, a significant shift from around 550 to 625 nm in
the absorptioredge of CdS was observed. This shift suggested thBtddn effectively enhance

the response of CdS to solar light. Besides, the presencePoiignificantly improved the light
absorbance in the whole visible light region. Therefore, modifying CdSNuith could enhance

its performance of splitting water into hydrogen under solar light irradiation.
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Figure38. The XPS spectra of (a) Cd 3d, (b) S 2p, (c)Ni 2p and (d) P 2p for CdS and 5% NC. (e)
UV-vis diffusereflectance spectra (DRS) and (f) corresponding plot of transformed Kubelka
Munk functionvs.the energy of light of prepared photocatalysts.

4.3.2 Photocatalytic H production.

To demonstrate the photocatalytic hydrogen production of tfebaisated catalysts compared to
stateof-the-art activity from literature, lactic acid as the traditional sacrificial agent for sulfur
based photocatalysts was first used as a substratediargen evolutionKigure 393 It could be
observed that Hproduction rate was accelerated with the increase of the contenfPofa%% NC
exhibited the highest hydrogen evolution rate ugao199.7 mmol-h-g?, which was &older

higher compared toristine CdS (32.5 mmol-hg?). The 5% NC holds a significant promotion in
hydrogen generation compared to the literatdrable S8. However, the activity decreased
significantly for 7% NC, possibly due to the excessivePNgrowth on the surface of Cd&at
undermined the number of active sites of CdS. Additionally, the redundatnNght act as
recombination sites of photoinduced electrons and holes. Further, deploying various discrete
wavelengths (450, 500 and 550 nm) to assess the photocatalgieneff of prepared catalysts,
which was represented by AQY.Figure S535% NC showed the highest AQY of approximately
5.3% at 450 nm and thezldvolution rate is 1.5 mmol-hg™. The stability of catalysts is another
significant factor during the photatalytic process. As shownkigure 39b after 6 runs, 5% NC
expressed a slight decreasgthe longtime irradiation, which proved that 5% NC possessed great
durability for photocorrosion resistancehe reason for the slight decrease in performarngatm

be attributed to the loss of catalyst during collection after each cycle of experiments, which could
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be proved by the XRD and XPS spectrums between before and after photocatalytic performance
test. As displayed in Fig. S54a, compared the charactedi¢tiaction peak of CdS before and

after reaction, there was no obvious change could be found in the diffraction intensity, which
proved crystalline structure was not significantly damagdedrurthermore, XPS was alsarried

out to further verify this conclusion. Form Fig. S54b, Ap&k was detected in the XPS spectrum

S 2p that meant 5% NC possessed great ability for resisting the photocorfe8efore assesng

the hydrogen production ability of prepared samples from raw biomass, three main components,
kraf t -tellupseiand hemigellulose were appliedagsrobe. As shown iffigure 39¢ it

could be found that introduceddRi obviously heightened thgdirogen evolution of Cd$% NC
exhibited the highest performanicekraft lignin solution However once the proportion of b
exceeded 5%t exhibited a sharp decline that might be attributed to exce$stNat loaded on

the surface of CdS reduced tight absorption capacity of CdBleanwhile, contrast experiment

were carried out to explore the role of solution played in hydrogen production. It can be observed
that a certain amount of hydrogéra. 8 0 . 3  &.gitpwas denerated from a pure alkaline
solution. However, compared with the result of addiragft lignin, it was about a quarter of the
hydrogen evolution ratee.3 2 2 . 8 “lsgf with kraft lignin, which proved that 5% NC can
effectively utilize the imoduced kraft lignin to increase hydrogen productibhe hydrogen
production of 5% NC wa scellfilaseg anchhemicelkilosa dsisubstrates b y
respectively. As displayed iRigure 39¢ NioP makes a great contribution to improving the H
evolution rate in different substrate solutions to a different degree and 5% NC still exhibited the
highest performangevhich was higher than the hydrogen evolution performance of Chapter 3
(there wasundetected hydrogen productiaithin 1M NaOH solutiol. Therefore, a conclusion

can be drawn that the heterostructure oPMCdS with interfacial effect possesses great potential

for enhancing the photocatalytic hydrogen production by applying lignocellulosic biomass. In
addition, during the photocatalysis process, the temperature of above solution was higher than
room temperare, which might be caused by the color of the solution. Therefore, photocatalysis
and thermocatalysis wesmployedindependently to figure out the leading role in the hydrogen
production process. From Fig. S55, it could be proved that photocatalysss tiadx main
responsibility for producing hydrogen from a series of biomass derivatives solutions, and
thermocatalysis plays an auxiliary role in helping the photocatalytic hydrogen evolution process.

Inspired by the highly active of 5% NC, generating hgero over raw biomass was eventually
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carried on 5% NC. As shown Figure 3%, a considerable amount of hydrogen could be generated

from three common raw biomgds stchwag-GBRr 6h ¢ (
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Figure39. (a) H evolution rate of prepared catalysts with lactic acid of all prepared samples, (b)
stability hydrogen evolution test of 5% NC, (Qélv ol ut i on r at e-sellulpset h kr a
and hemicellulose and (d) the hydrogen release rate of 5% NC with diffevehgnocellulosic
biomassNote: Three repeat experiments underlying error estimates.

4.3.3 Kraft lignin and raw lignocellulosic biomass photaonversion

In addition to the hydrogen generation, the productiomvatiieadded compounds frofignin is

also an important area of research to evaluate the photocatalytic activity of catalysts. Interestingly,
an intriguing phenomenon whereby the color of the krgftimh solution faded was observed as
shown in the inset of Figure 40a. Consequently:\d¥ diffuse reflectance spectra of the kraft
lignin solution were conducted. As illustrated in Fig. 4a, the kraft lignin solution exhibited a color
change from dark téight brown after 12 hours, and significant attenuation of ultraviolet light

absorption intensity was observed near 250 and 280 nm, which suggested that chromophoric
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groups of kraft lignin were degradétf, which was also consistent with our previous research
finding 218 Subsequently!H NMR was employed to investigate the possible transformation
products of lignin after photocayaic reactions. From Figure 40b it could be found that there were
few new peaks appeared compared to the before. By comparison with MeR spectra of
certain substances, these peaks in I, Il and Il were initially identified as alkanes (I area) and
varillin (Il and Il areas) based on the molecular structure of lignin. To further confirm the lignin
photaconversiorcapacity of 5% NC, the liquid sample of kraft lignin and other three raw biomass
were analysed by gas chromatograpigss spectrometry (GMS), which were exhibited in
Figure 40c and Sb. It could be found that alkanes such as decane, dodecane anectatead
(Figure 40c) were generated from kraft lignin, which could be used as liquid fuels, especially,
dodecane is considered a secgederation fuel. Additionally, vanillin that could be used as a
flavouring in foods and cosmetics and pharmaceuticalsdetected in the kraft lignin liquid
sample as well. Meanwhile, the above substances and a series of phenolic compounds that can be
utilized as medical intermediates were also detected from raw biomass@ha@siorsamples
(Figure S55). Traditionally, tle process of upgrading lignin in raw biomass is realized by thermal
catalysis, breaking internal chemical bonds by high pressure and temperature to generate phenolic
or aromatic compound&d?® 220 These compounds are then subjected to a hydrodeoxygenation
process to produce biofuel that can replace traditional fuel refined from petroleum. However, the
thermal catalytic process of lignin requires a significant amount of energy consumption and also
imposes high demands on the equipment. Therefore, comparatively, the production of fuel by
conversiorignin through photocatalysis would be a more sustainable and gentle approach, which

has attracted huge scholér® 22! GG-MS results from this research also support this assertion.
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Figure40. (a) UV-Vis diffuse reflectance spectra (DRS) and (b) H NMR spectrum of kraft lignin
solution before and after phatanversion (c) gas chromatographass spectrum (G®IS)
results of kraft lignin photwonversiorover 5% NC. Note:14nethoxy3-hydroxyacetophenone.
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4.3.4 Photoelectrochemical properties.

It is well known that the photocatalytic hydrogen evolution rate is largely controlled by the
separation rate of photoinduced electrons and holes. Therefore, a sphetoefectric property

tests such as photocurrent response and electrochemical impsgactra (EIS) werarriedout

toil l ustrate the relation between constructed
separation efficiency. As shown Figure 44, all prepared catalysts showed the photocurrent
density change when tlight was on and the improvement of photocurrent intensity of CdS varied
with the amount of introduced M. 5% NC displayed the strongest photocurrent density than the
rest. It can be deduced that introducedPNcould effectively facilitate the separatibetween
photoexcited electrons and hofé$ As for the slight attenuation of signal intensity that might be
related to the spalling of the catalyst fréiO glassSubsequently, the electron transfer ability of
synthesized catalysts was analyzed by electrochemical impedance spect(&s8ypyhereby

the smaller the semicircle radius plot indicates the faster the charge tfdhsferillustrated in

Figure 4Db, 5% NC possessed the smallest semicircle radius, which proved the highest charge
migration ability of 5% NC. Moreover, the photoluminescence (PL) &nue-resolved
photoluminescence (TRPL) spectroscopies were applied to make a further analysis for the
separation efficiency of photoexcited carriers. Fréigure 4, it could be found that 5% NC
showed the weakest fluorescence intensity around 550 nmacedhpith pristine and different
amount of NiP modified CdS. A high emission spectra intensity indicates the fast recombination
rate of photogenerated electrons and httesherefore, an effective restion for recombination

of photoinduced carriers was achieved in 5% WRich could be further revealed by timesolved
photoluminescence (TRPIgsults. As shown ifrigure 44, the average lifetimes for pure CdS,

1% NC, 3% NC, 5% NC and 7% NC were Q.2121, 1.32, 1.34 and 1.24ns, respectively. Longer
lifetime of charges suggests lower recombination of photogenerated c#fti&a®d on above
analysis, a moderate amount of>Ricould effectively guide the transfer of electrons and
significantly inhibit the recombination of photogenerated electrons and holes, which was in line
with the result of photocatalytic hydrogen productiorfgrenance (Figur&9g. Various radicals

can be generated during the photocatalytic process ascribed to the photogenerated electrons and
holes. Therefore, a spinapping ESR was carried out to reveal the possible mechanism in

enhanced hydrogen evolution performance and biomassersion. First of all,2,2,6,6
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tetramethylpiperidinel-oxyl (TEMPO) was used to detect the photogenerated electrons and holes.

It could be observed that a strong ESR signal was caused by TEMPO under the dark condition,

which was appointed as the referenthe change of signal intensity on behalf of the consumption

degree of TEMPO, because generated electrons and holes could be trapped by TEMPO, a lower

intensity of TEMPO denoted a higher concentratior of & 2%, In Figure41e and f, the TEMPO
signal intensity of both"@nd i were remarkably weakened in the case of 5% NC compared with
pristine CdS and other prepared catalysts (Figur&a $Hd b) after 5 minutes of illumination,
which demonstrated 5% NC could produce thestmactive electrons and holes. Following,
super oxi de&)ir amidc alydf AQy |
pyrroline N-oxide(DMPO). It should be pointed out that as the DMPO itself could not be identified

radi

c al

55Aimeiyll-wer e e

in ESR spectrum, but the spin adducts that produced by DMPO reacting with radicals could.

Therefore, a higher signal intensity of DMPO illustrates more radicals could begei€. As

shown inFigure 43 and h, 5% NC presented the strongest characteristic peak intensities (Figure

S5/¢c and

containing radicals effectiveR#® 22°
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spectra (PL) and (d) timeesolved photoluminescence (HR.) of all prepared sampleSSR

spectra of radical adducts signal of CdS and 5% NC that investigated by TEMPO for (e)
fdinld §d9)DMPB . f or

To understand the effect of constructing heterointerficial between CdS aRd3% NC), we

electrons ad

(f)

hol

es

) as
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(

conducted density functional theory (DFT) calculations (Figure 42). First, the Gibbs free energy

(G) change of HER processes on CdS and 5% NC heterostructure was investigated. It is generally
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accept ed wtomtlaetcatalyst surfage@s activity descriptor to evaluate the HER activity.
The highest activity r e g-shouldbs closetathe therima neatrals ol u
position (0) for the excellent HER activit$’. Figure 42a exhibits that the H* adsorption of S sites

in CdS and 5% NC heterostructure-is37 and-1.19 eV, respectively. This implies that the
conjunction between CdS and:Ricould weken the H* adsorption at the interface site in 5% NC

and exhibits higher intrinsic HER activity. In addition, the charge density difference was also
conducted to further explore the interfacial characteristics and electronic change of 5% NC
heterostructurgFigure 42c), revealing a significant increase in localized charge density at the
interface. It can be observed that Cd chemically bonds to P through electronic interaction, and
electron transfer of 66 e- arises fromCdSto Ni2P at the interfacdbased a bader charge (as

shown in Table S9)Besides, the electronic localization function (ELF) can allow us to confirm

the presence of chemical bonds on the interface. ELF ranges from O to 1, where 1 corresponds to
perfect localization, 0.5 corresponds to ¢éhectrongaslike pair probability, and O corresponds to

no localization. Figure 42d shows the ELF images of (100) and (010) plane of interfaces. The large
values of Cd and P atoms indicate that the lone pair electrons are strongly localized in tlce interfa

of 5% NC heterostructure. Additionally, the partial density of states of S and H atoms shows that
the pband center was upshifted to a lower energy value (Figure 42¢e) with the electronic band
structure modulation of CdS coupling withoRj thereby loweng the binding strength of H* and
proposing the smooth release of H* from 5% NC heterostructure. Moreover, the metallic work
function (WF) of 5% NC heterostructure was shown in Figure 42f, the work function on:ihe Ni

and CdS surfaces is 4.64 and 6.99 eépectively. Based on above simulative results, a possible
enhanced photocatalytic performance was depicted in Figure 42g. The conduction band position
of CdS is higher than the Fermi energy of\Nwhen the interface was coupled to each other, as a
comsequence the conduction and valance band of CdS would be bended around the interface. Thus,
the photoinduced electrons in the conduction band position of CdS will transfer to the Fermi energy
of Ni2P, accelerating the charge migration rate. Therefoe®, ddin capture electrons to extend the
lifetime of the carrier, thereby improving the performance of 5% NC samples. These theoretical
results indicated that the combination of CdS witkPNdid balance the electronic structure, thus

stimulating HER activity of 5% NC heterostructure.
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difference of 5% NC. (d) The electronic localization function of 5% NC. (e) The partial density

of states of &nd H atoms of CdS and 5% NC. (f) The metallic work function (WF) of 5% NC.
(g) The mechanism of photogenerated electrons migration in 5% NC.

4.3.5Photocatalytic mechanism

Combining experimental results and theoretical simulation, a possddbanism for hydrogen
production and liquid products. As displayed in Figure 43, the poor energy band structure of CdS
was optimized by moderate R, creatinga strong interfacial effect betweenJRiand CdS, which
significantly accelerated the transfef photoinduced electrons. As a consequence, the hydrogen
evolution rate was greatly bolstered by these free photogenerated electrons. For the part of
photoconversion of nature biomass, related research works have proved that photogeaecited e

h* couldreact with biomass model compounds such as cellulose-phdribxyl-phenylethanol

(PRol) to generate glucose or phenolic compouffti$® 23! or generate oxygecontaining

radicals to break the mass of unsaturated bonds in biomass to produce aromatic compounds or

alkanes?®?. Therefore, based on former studies, it can be reasonably speculated that the biomass
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conversion process can be divided into two parts in this work: (1) Partial holes and electrons that

are not ivolved in hydrogen evolution directly decompose bioniassvalueadded chemicals.

(2) Remaining free electrons and holes react with dissolved oxygen-@nchélecules to form

A dnd AOH radicals, r erawpbiencasdnty aecomaticcongpounddaridh e n 0 x

alkanes.
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Figure43. The diagram on the proposed mechanism of hydrogen production and raw biomass
photaconversion

4.4 Conclusions

In summary, a bifunctional heterostructure offNand CdS has beenccessfully synthesized,
demonstrating potent photocatalytic capabilities in hydrogen evolution and lignocellulosic
biomass conversion. Specifically, the introducegPNinhanced the hydrogen evolution rate from
32.5 to 199.1 mmol-hg?, which was an iorease of 6 times compared with pure CdS. The
improved hydrogen production could be attributed to the formation of a terrific interfacial effect
between NiP and CdS that optimized the transfer pathway of photoinduced electrons and holes,
which was approwkby the result of a series of characterization results and theoretical calculations.
Replacing the lactic acid with raw biomass as substrate, a considerable hydrogen evolution rate
and valueadded chemicals production could be identified. Despite thik,wa# are still unable

to comprehensively reveal the conversion mechanism of the chemicals obtained through the
biomass photwonversionprocess, which more effort still needs to be invested, based on above
experimental results, photocatalytic converting raw biomass into clean energy and chemicals is

feasible and it will expand the reuse of lignocellulosic biomass by a softer approach.
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5. Conclusionand Follow-up Studies

To sum upthe goal of applying photocatalytic technolagyproduce hydrogen gas aocdnvert

raw biomass into value added chemiaaésproved to be technically feasible.

Initially, homojunctionstructure construction strategy was used to enh#reghotocatalytic
performance of CdSAlthough, noble metal Pturtherly heightencorresponding performance,
whereas, high cost of noble metaket an barrier forpromoting the dissemination of
photaconversionin raw biomassSecondlythe conversion of kraft lignin cannot fully represent

the ability of photocatalysts to convert raw biomass.

Therefore we peoposed anothapproach tdurtherimprove CdSinspiredby thermal catalysis
thatNioP exhibitthe greatiydrodeoxygenation properby the high surface and electron density
of metal sites, thus itvas selected ta@oup with CdS. Experimental resultsndicated that
heterojuncture structured M/CdS displayeéxtraordinaryphotocatalytic activityfor hydrogen
evolution fromraw biomass solutioand high value addedompounds such as alkanes, aromatic

were produced as well.

Forthepart of followup studiesit can be seperated into tyarts:
Photocatalysis
1. Optimizingthe performance of photocatalytic materials through more rational strategies
2. The size of the catalyst prepargtuld be reduced to the quantum dot levefmlitate
themass transfer between catalysts and biomass.
3. Single photocatalysis suffers from the limited dynamiceioimass conversioi herefore,
hybrid systems, such as phaglectrocatalysis and phetbhermocatalysisyill be the focus
of consideration in the future research.
Lignin

1. A series ofin-situ strategies should be systematically applied sudh-asu NMR/FT-IR

techniques, corroborating these characterization results to exhibit an accurate lignin

structure.

2. Moreadvancedn-situ or transient response characterization strategies will be considered

for revealing the real ligniphotaconversiormprocess.
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7. Appendix A: Supplementary Data for Chapter 3
7.1 Characterization of material

Applying power Xray diffraction (XRD, D8 ADVANCE) a#0kV, 40 mA equipped with a Cu

anode Xr ay t ube-r & ¢s1.54086A)%0 determine the crystalline phase of obtained
samples. The sample morphology was observed with a-dmaldsion scanning electron
microscope (SEM, Hitachi-8800) at a voltagef 5kV and transmission electron microscopy
(TEM, Titan themis 200 & Helios 450S).-pay photoelectron spectroscopy (XPS) with a
customized Xray photoelectron spectrometer (Escalab 250Xi, Thermo Fisher, Alpha equipped
wi t h a monochr onmaElecton gpin resoblance (EGR, E82)) were carried

out to show chemical state and internal elemental bond composition of all samples. ithe UV
absorption spectra are collected by SHIMADZU iWis spectrophotometer (U2550) with an
integrating spherescanning in the range of 20800nm with BaSQas the reference. The
photoluminescence (PL) and transient photoluminescence (TRPL) spectra are recorded using
fluorescence spectrophotometer (FLS1000) with the excitation wavelength was setat. 600
Nitrogen adsorptioidesorption isotherms were obtaihesing a micromeritics surface area and
porosity analyser Micrometrics. The specific surface areas of mesopores were calculated by the
BrunauerfEmmettTeller (BET) methods. The pomeze distributions for mesopores were
calculatedvia using BarrettJloynerHalenda (BJH) models. Analysis of liquid phase is caried out

on Gas Chromatographylass Spectrometer (GMS, Agilent 7890B GC, 5977 MS).
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7.2 Supporting figures

FigureS44. Scanning Electron Microscope (SEM) of ZBCS and (e) WZCS, scale bar is 100
nm. Scanning Transmission Electron Microscope (STEM) of (b), (e) ZBCS and (f), (g) WZCS.
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Figure45. (a) N2 adsorptionlesorption isotherms and (b) corresponding pore size distribution
curves of all samples.
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7.3 Supporting tables

TableS6. Comparison of kproduction for lignin based substrates.

Catalyst Substrate Solution Light source Performance Ref.
Homojunction structure Cd< Kraft lignin 5M NaOH 300 W Xe 835.8¢ mo ilg vTvger(
. - Lactic acid 300 W Xe 1 114
NiS/CdS Lignin aqueous 0400 nrr 1512.4¢ mo t-HK'g
NN - Alkaline aqueous 300 W Xe . 107
TiO-NiO Kraft lignin (1M) 320-780 nm Not mentioned
Mo-Doped/Nisupported Sodium lignin Deionised water 300 W Xe About 530¢ mo 1 89
Znin,S;-wrapped NiMoGQS sulfonate 0400 nm Lpt
Monolayer Lianin Aqueous solution 300 W Xe About 20.75 187
CarbonNitride 9 (pH = 10) 0420 nm & mothlg
o AM 1.5G, About 250 180
CdS/CdQ quantum dot Lignin 10 M KOH 100 mW c Lt
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8. Appendix B: Supplementary Data for Chapter 4
8.1 Computational Details

All the present calculations were carried out using the density functional theory (DFT) framework
as implemented Vienna ab initio Simulation Package (VA3P$°. The electron exchange and
correlation energy were treated within the generalized gradient approximation (GGA) in the
PerdewBurke-Ernzerhof functional (PBE3*". And the calculations were done with a plaveve

basis set defined by a eotf energy of 450 eV. The 40oint sampling was obtained from
MonkhorstPack scheme with a (3 x 3 x 1) mesh for optimization and a (4 x 4 x 1) mesh for the
calculations of electronic structure. The energy calculation and geometry optimization were
finished when the electronic energgldrance reached 1x1@&V/atom and the maximum

component of the force on any atom as smaller than 0.02 eV/A, respectively.

Bulk CdS model were built from CdS (001) lattice plane. The CdS model with a lattice constant
of 12.44 x 12.44 Aincludes 54 Cd atoms and 54 S atoms within 6 layers. The upper 2 layers were
free whilst the bottom 4 layers were fixed. For 5% NC heterolayers, it is modeled based on CdS
(001) and NiR (001) lattice plane. For 5% NC, it is comprised of 3 layers CdSldaygers NiB,

which includes 27 CdS atoms, 27 S atoms, 48 Ni atoms and 24 P atoms with a lattice constant of

12.04 x 12.04 A The upper 5 layers were free whilst the bottom 2 layers were fixed.

The HER process was divided into two fundamental react®falawing:
HO +e+*=*H + OH
*H=*+%H,

Where *H presents the H moiety on the adsorption site.

The change in Gibbs free energy (pG) of =each
computational hydrogen electrode metR&thnd VASPKIT packagé®.
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8.2 Supporting figures

FigureS51. SEM images of (a)1% NC, (b) 3% NC, (c) 5% NC and (d) 7% $¢@le bar is 500
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FigureS52. The XPS spectra ¢&) Cd 3d, (b) S 2p, (c)Ni 2p and (d) P 2p for all prepared
catalysts.
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8.3 Supporting tables

TableS7. Specific surface area and po@ume of all prepared catalysts.

Catalyst Surface Area(m?g) Pore Volume (cm¥g)
Pristine CdS 11.2 0.05
1% NC 21.1 0.08
3% NC 37.8 0.15
5% NC 67.9 0.23
7% NC 26.1 0.09
TableS8. Hydrogen generation comparison
Catalyst Substrates Light Source (?gglrmfgg Ref.
5% NC Lactic Acid Solution 300 W Xe lamp 199.1 V-{—lrc])ﬁ(
Rod-shell CdS/CwS Methanol Solution 300 W Xe lamp ca.0.64 240
PtAf-CNT/CdS Lactic Acid Solution 150 W Xe lamp 120. 1 241
CDs/CdS Lactic Acid Solution AM 1.5 6.70 122
C@Pt/MoS@CdS Na2S03 Solution 300 W Xe lamp 0.08 168
Co,S/CdS Lactic Acid Solution Not mentioned 12.36 242
CdS/Mo$S TEOA 300 W Xe lamp 1.79 243
CdS/CuMoS, Lactic Acid Solution 150 W Xe lamp 15.56 244
CdS@hBN/rGO TEOA PLSSXE 300 6.4 245
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Table 9.

Total bader charge of different element

Element Bader charge
Cd 12.016
S -11.353
Ni -6
P 5.337
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