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Abstract 

With the development of industrialization, the requirement for fossil fuels is becoming more and 

more huge, and as a consequence, the environment is degenerated by the combustion of fossil fuels 

such as coal and petroleum. There are two sources that are considered excellent candidates for 

solving this problem. One of them is hydrogen energy, green, pollution-free, renewable, and so on 

features that have attracted widespread attention. Another one, biomass, similar to fossil fuel in 

ingredients, is a widely distributed and renewable carbon-based substance. The usage of biomass 

has been proven to be an effective method to relieve the imbalance of the global carbon cycle and 

can even achieve a negative carbon economy scenario in the future. Among the composition of 

lignocellulosic biomass, the special structure makes lignin with bulk renewable aromatic groups 

possess the most potential for producing high-value chemicals. Achieving this promising 

conversion process with more moderate and green reaction conditions is a key point to propel the 

development of lignin conversion. Photocatalysis is a technology that realizes a series of catalytic 

reactions by directly using endless solar energy as a resource that has been recognized as a green 

and sustainable strategy. Therefore, applying photocatalysis to simultaneously achieve lignin 

conversion and hydrogen production will not only avoid harsh catalytic conditions but also achieve 

more efficient photoconversion of lignin. However, the high recombination rate between 

photogenerated electrons and holes, inefficient regulation of redox capacity, the photostability of 

photocatalysts, and the complex structure of lignin restrict the application of photocatalytic 

technology in lignin photo upgrading and hydrogen production by splitting water. Therefore, it is 

necessary to design photocatalytic materials with better performance to overcome the above 

problems to achieve more efficient hydrogen production and lignin photoconversion. In this work, 

cadmium sulfide (CdS) with good photo response ability and suitable bandgap position was 

selected as the base to study the photoconversion process of lignin and hydrogen evolution 

performance. The details are as follows: 

(1) A homojunction structured CdS with rich sulfur vacancies was successfully synthesized by the 

one-pot solvothermal method. Nanoparticle structured zinc blade phase CdS grew on nano prisms 

structured hexagonal wurtzite phase CdS. The perfect lattice matching between these two phases 

effectively guides the spatial separation of photogenerated electrons and holes. On the other hand, 

with the assistance of rich sulfur vacancies, the well-designed photocatalyst exhibited an 
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unprecedented hydrogen production ability (835.8 ɛmolĿg-1h-1) and value-added phenolic 

compounds were also generated by decomposing kraft lignin.  

(2) Using CdS as a base, nickel phosphide (Ni2P) was in-situ grown on the surface of CdS by high 

temperature phosphating strategy. The introduction of Ni2P created a synergistic effect between 

Ni2P and CdS, which not only improved the light response of CdS that enhanced photocarriers 

generation but also optimized the redistribution of photogenerated electrons, therefore, Ni2P/CdS 

exhibited a marvellous H2 evolution activity ca. 199.1 mmol·h-1·g-1 with lactic acid. Subsequently, 

replacing the substrates to lignin, cellulose, and hemicellulose, even the virgin biomass, significant 

amounts of hydrogen and value-added compounds are produced over Ni2P/CdS. In addition, 

density functional theory (DFT) calculation was also applied to reasonably reveal a possible 

catalytic pathway. 
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1. Introduction  

1.1 Background 

With the development of the world industrialization process, the consumption of fossil fuels 

presents a sharp spiral. However, fossil fuel combustion has brought a series of problems such as 

sea levels rising, global warming and acid rain, which are degrading our precious environment. As 

a consequence, the exploitation of green and sustainable energy has become an urgent appeal. 

Hydrogen energy, compared with traditional fossil fuels, displays a lot of advantages. For example, 

it can not only generate mechanical work in a heat engine by combustion but also 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 possesses a high specific energy density, which is three times than 

gasoline.1 Currently, the most effective strategy to produce hydrogen energy is electrolysis of 

water, however, high energy consumption, high production cost and non-neutral reaction 

conditions restrict its development.2 Lignocellulose is composed by three basic compounds; 

cellulose, hemicellulose and lignin, the proportion of these components vary will fluctuate with 

different plant species.3 Strategies to produce a variety of high value-added products from cellulose 

and hemicellulose have been widely used around the world such as cellulosic ethanol, cellulosic 

gel for medical and electronic devices.4-6 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 (S, syringyl), therefore, 

decomposing lignin to produce high value added aromatic compounds displays great potential for 

fuels and platform chemicals.7 While scholars are vigorously developing the application of 

cellulose, however, lignin is directly discharged or simply burned as waste, which can be attributed 

to the complex and disordered molecular structure of lignin that seriously hinders the upgrading 

lignin. In addition, at present, the utilization of lignin is still focused on high-temperature pyrolysis 

and acid-base catalysis that bring tremendous burden to the environment. Therefore, it is necessary 

to exploit a more moderate method to comvert lignin into value added chemicals.  

The technology of using photocatalytic technology to split water into hydrogen has been developed 

rapidly, since Dr. Fujishima Akira and Dr. Kenichi Honda proposed the photocatalytic theory in 

the middle of the 20th century.8 Compared with thermal catalysis, the energy that photoexcited by 
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the photon with specific wavelength belongs to the non-equilibrium distribution, in addition, the 

reaction conditions are milder and closer to the ambient, which propel the development of applying 

photocatalysis to selectively convert biomass into fine chemicals or chemical fuels.9, 10 

Theoretically, for thermal catalysis as shown in Figure 1a, the reaction energy barrier will 

obviously reduce from Ea1 to Ea2 and Ea3 by the interaction between catalysts and reactants, which 

significantly changed the activity and selectivity of the entire catalytic process. However, the 

premise of this catalysis is high temperature, it is worth noting that the energy transfer is non-

selective, which means all valuable functional groups in lignocellulosic biomass will be consumed, 

thereby reducing the selectivity of target products. On the contrary, the energy that initiated by 

light over photocatalysts can not only overcome the energy barrier, but also selectively react with 

specific functional groups (Figure 1b). On the other hand, photocatalytic reactions can sustainably 

and spontaneously generate redox-capable free radicals that generated by photoinduced electrons 

and holes, thus, there is no need to add additional reducing or oxidizing agents as in the 

thermocatalytic reaction. 

 
Figure 1. The energy migration of (a) thermal catalysis and (b) photocatalysis. Reproduced 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 a well-defined sequence of 

monomeric units and, depending on the biomass source, its chemical structure 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 chemical structure, 2) lignin conversion into value-added products, 
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and 3) cost-effective 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 acid/based-catalyzed 

depolymerization,12 oxidative depolymerization,13 thermochemical depolymerization,14 

hydrodeoxygenation,4 solvolysis,15 and supercritical depolymerization.16 

1.2.1 Composition and structure of lignin 

Lignin is an amorphous biopolymer as shown in Figure 2a, which is composed of three main 

building blocks namely of paracoumaryl alcohol (H, p-hydroxyphenyl), coniferyl alcohol (G, 

guaiacyl), and sinapyl alcohol (S, syringyl),17 depicted in Figure 2b. The ratios of these monomers 

in lignin strongly fluctuate between plant species, which affects the polymer branching, inter-unit 

linkage abundance and the extent of cross-linking with the polysaccharide fraction. The methoxy 

group is a critical moiety to distinguish lignin units, characterized by its significant stability. 

Cleavage from the phenyl ring structure requires potent oxidizing agents. Among the three types 

of lignin units ï 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 restricts the 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 take place. 18 In 

addition, the carbonyl group in the lignin side chain can form conjugated structures with the phenyl 

ring, which impacts the reactivity of the unit. Carbon-carbon double bonds also affect the chemical 

reactivity and physical adsorption properties of lignin.19 Therefore, the proportion between H, G 

and S units can be used to differentiate the lignin species. For instance, softwood lignin is 

exclusively composed of G units, whereas hardwood and herbaceous contain G plus S, and all 

three units respectively.20 The complexity of lignin originates from the random connections of 

these building blocks via different types of chemical bonds, such as ɓ-O-4, Ŭ-O-4, ɓ-ɓ, ɓ-5 and so 

on (Figure 2c). 
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Figure 2. (a) General chemical structure of lignin, (b) three basic units and (c) existed linkages in 

lignin. 

Considering the recalcitrance of lignocellulosic biomass, pre-treatment is necessary to improve its 

accessibility and conversion. Conventional biomass pre-treatments (such as physical or physico-

chemical pre-treatment) usually focus on effective delignification to maximize cellulose recovery. 

During the pre-treatment process of lignocellulosic biomass, hash condition are employed to 

dissociate lignin from the lignocellulosic biomass. Initially, the chemical bonds such as ɓ-O-4 

motifs within the lignin structure are fragmented into smaller molecules by high temperatures or 

acidic conditions. However, as the duration of the pre-treatment extends, the cleaved chemical 

bonds and highly active functional groups recondense by the formation of carbon-carbon (C-C) 

and ether linkages.21 Subsequently, these larger lignin molecular fragments may repolymerize to 

generate a more complex and thermodynamically stable cross-linked structure. Notably, the 

disintegration of this cross-linked structure into smaller fragments presents a formidable challenge, 

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 chemical 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 impact on the theoretical monomer yield, which is roughly proportional to the 

square of the fraction of cleavable inter-unit ether bonds (type ɓ-O-4).22 Corresponded major 

physicochemical properties of lignin that will impact downstream biomass conversion are 

summarized in Table 1 below.23 
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Table 1. Physicochemical properties of lignin and corresponded affection on lignocellulosic 

biomass conversion. 

Characteristics 
Affection on Lignocellulosic Biomass 

Conversion 
Ref. 

Ratio between H, S, G units in lignin Variable 24 

Proportion of C-O and C-C bonds, such as 

Ŭ-O-4, ɓ-ɓ etc. 

Positive (ɓ-O-4) 

Negative (ɓ-5) 
25 

Content of hydroxyl functional groups, such as guaiacyl OH etc. 
Positive (Aliphatic/Total OH) 

Negative (Phenolic OH) 
26 

Molecular weight Variable 27 

Currently, the most available sources of lignin are commercials lignin (also denoted as industrial 

lignin), which are the condensed sources of lignin obtained from the pulp and paper industries. 

Kraft lignin, lignosulfonates, soda lignin, organosolv lignin are the most common types of 

industrial lignin (Figure 3).21 Recent years lignin-first strategies have been explored in the 

emerging biorefinery industry, with the goal of isolating high quality ñnativeò lignin with its 

favorable structure (low degree of condensation) for further valorization.7 

 
Figure 3. Structure of lignocellulosic 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 an aqueous solution of NaOH and Na2S called white liquor and the obtained 

lignin is in a solid form. The presence of HS- in white liquor improves the selectivity of pulping 

by enhancing delignification rate. The Kraft lignin obtained from this process is highly condensed, 

containing a low amount of residual ɓ-O-4 bonds and incorporating sulfur in the form of thiol 
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groups. The condensation hampers its reactivity, while the sulfur content complicates its 

downstream valorisation, since sulfur can poison a wide range of 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 lignosulfonate is about 1.8 million tons per year around the world.28 Sulfite pulping 

is usually performed in acidic conditions in the presence of (bi) sulfite salts with either calcium or 

magnesium as the counterion. During this pulping process, reactive Ŭ-positions of lignin are 

sulfonated which facilitates lignin solubilization. The resulting lignosulfonate are typically highly 

degraded and soluble in water or highly polar organics solvents,17, 29, 30 as well as contains high 

sulfur content (4-8%). As a consequence, lignosulfonate has a great solubility at a wide range of 

pH. 

1.2.3 Sulfur -free pathway 

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

from the introduction of Na2S. Due to the absence of a strong nucleophile it proceeds less 

efficiently, but with the advantage of producing a sulfur-free and high purity lignin, therefore, soda 

lignin is a better precursor for functional biopolymer.31 During the whole process, non-phenolic ɓ-

O-4 and ɓ-5 bonds that existed in lignocellulosic based biomass will be broken, in another words, 

more monomer or oligomer phenolic compounds are formed. Another sulfur-free technical lignin 

product is organosolv lignin, 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 the process and 

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 the ɓ-O-4 linkages in native lignin.32 The structural changes in industrial 

lignin as well as solubility trends are summarized 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 unnatural C-C bonds are rearranged. 
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Table 2. Technical lignin properties. 

Type of Lignin 
Properties and Structural Changes  

Compared to Native Form 

Kraft Lignin 
Soluble in alkali solution and in highly polar organic solvents. Increase of C-C inter-subunit linkages. 

Is estimated that 70-75% of the hydroxyl remained sulfonated. 

Soda Lignin 
Soluble in alkali solution and in highly polar organic solvents. Increase of C-C inter-subunit linkages 

and sulfur-free. 

Lignosulfonate Lignin 
Soluble in water/highly polar organics solvents. Highly condensed and with elevated sulfur content 

ranging from 4-8%. 

Organosolv lignin 
Soluble in organic solvents. Increase of C-C inter-subunit linkages and sulfur-free, rich in 
functionality including phenolics, exhibits a narrow polydispersity, and has limited carbohydrate 

contamination. 

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 lignin-first is that using specific methods to extracts lignin from plant cell wall 

without damaging the original chemical structure of lignin,33 a high yield of lignin or lignin 

monomers with minimal condensation will be obtained by this method.34 Taking reductive 

catalytic fractionation (RCF) of lignocellulose as an example. It is a efficient approach to extract 

lignin from  lignocellulose and catalyze polymer lignin into the monomer via a metal catalyst under 

reductive atmosphere.35 There are three basic steps: extraction, depolymerization and 

stabilisation.36 By using this method, the amount of C-C bonds is obvious reduced, which results 

in a higher yield of aromatic monomer.37 The 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 used MoxC/carbon nanotube (CNT) to achieve efficient cleavage 

of ether bonds in lignin from the hardwood substrate, moreover, Ru/CMK-3 was also synthesized 

to effectively preserve carbohydrate (both cellulose and hemicellulose) in solid product.38 

1.2.5 Other pathway 

Beyond the above process, there are some other uncommon strategies that can be used to extract 

lignin from raw biomass. Generally, it can be separated into two aspects: (1) Chemical extraction 

processes. Acid and ionic liquids (ILs) pretreatments have been applied to extract lignin from raw 

biomass.39, 40 However, corrosion resistant and effective recycle method should be considered. (2) 

Physical extraction processes. Steam explosion, ammonia fiber expansion, liquid hot water, 

grinding and so forth.41-44 These physical methods also have drawbacks 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 as possible. 

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 method, it is extremely 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 properties.29 Although the ɓ-O-4 bond is the 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, the OH-group content, 

molecular weight, and the presence of impurities 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 holes accumulate 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 due to the 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, ·O2
- (redox potential +0.89 V vs. NHE), 1O2 (singlet molecular 

oxygen) and O3
- 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).45 These generated radicals possess great potential to achieve redox reaction without 

introducing extra oxidation or reducing agent, for example, water splitting, organics 

decomposition and so on.46, 47 
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Figure 4. Mechanism of photocatalytic process. 

 

1.3.1 Photocatalytic hydrogen production 

Water hydrolysis is a non-spontaneous reaction with a Gibbs free energy change greater than zero. 

As stated in the following formula, the decomposition of 1 mole of water into H2 and O2 requires 

237 kJ of energy, in addition, electrons can reduce H+ and to produce H2, holes will oxidate H2O 

to release O2 under an electric field intensity greater than 1.23V.48 

H2O (liquid) ŸH2 (gas) +1/2O2 (gas) (ȹGṦ=237.2 kJ·mol-1, ȹE=1.23 V) 

2H + 2e- Ū H2 (gas) (ȹEṦ=0 V) 

2H2O (liquid) + 4h+Ū O2 (gas) + 4H+ + 4e- (ȹEṦ=+1.23 V) 

Generally speaking, electron donors will be introduced into the reaction system, it can not only 

lower the thermodynamic energy barrier for water splitting, but also accelerate the consumption 

rate of photogenerated holes or other free radicals irreversibly, thereby promoting the participation 

of electrons in the hydrogen production. Common electron suppliers are classified into three types: 

(1) biomass or its derivatives such as glucose, cellulose and lactic acid. (2) organic reagents such 

as triethanolamine (TEOA), methanol and ethanol. (3) inorganic reagents such as sodium sulfide, 

sodium sulfate and sodium metabisulfite. The role of electron donors is to reduce the Gibbs free 

energy of the total reaction to a value below zero and then increase the hydrogen evolution rate. In 

addition, organic reagents and biomass that are rich in H element will also make contribution for 
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photocatalytic hydrogen production except for the splitting of water.49 Figure 5 displays the 

conduction and valance bands of some common photocatalytic semiconductors. It can be found 

that more negative conduction band and positive valance band position are favorable for reduction 

and oxidation reaction, respectively.48  The key point for the photocatalysis is to balance and 

optimize the relationship between redox position of photogenerated carriers and light absorption 

capacity. Therefore, various of strategies are employed to realize it such as constructing micro-

porous structures and high specific surface areas,50, 51  homo/hetero junction structure,52, 53 as well 

as elements doping.54, 55  

 
Figure 5. Band gap position of some common photocatalytic semiconductors. Reproduced from 

ref. 56 

For example, Liu and co-workers utilized melamine and sodium alginate to prepare hollow 

structured carbon nitride with carbon doping as shown in Figure 6.57 Constructing hollow structure 

enables carbon nitride to possesses a larger specific surface area (Figure 6b) and enhanced light 

harvesting ability, in addition, carbon element doping that improved by the XPS spectra of N 1S 

(Figure 6c) improved the migration ability of photogenerated electrons and holes by generating 

delocalized big ˊ bonds. As a consequence, hollow structured carbon nitride with carbon doping 

exhibited a dramatic hydrogen evolution performance around 1210.3 ɛmolĿh-1·g-1, which was 3 

times than pristine (Figure 6d). 
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Figure 6. (a) Synthesis mechanism of C doping carbon nitride, (b) N2 adsorption-desorption 

isotherms and pore size distribution, (c) XPS spectra of N 1S and (d) hydrogen production 

performance of prepared catalysts. Reproduced from ref.57 

Sun et al. designed a hollow tandem heterojunction to effectively split water into hydrogen without 

novel metal under visible light irradiation.58 As shown in Figure 7a, they applied template-free 

solvothermal method to synthesize hollow TiO2 with rich porous and then covered it by MoS2 

nanosheets, finally, CdS was selectively loaded on the edge of MoS2 nanosheets by wet chemical 

method. This tandem heterojunction structure catalyst displayed an extraordinary hydrogen 

evolution performance about 9 mmol h-1·g-1 (Figure 7b), moreover, despite undergoing 12 times 

of cyclic testing, it still exhibited a stable performance. Subsequently, time-resolved fluorescence 

spectra reveal the reason of b-TiO2/MoS2/CdS tandem heterojunction possesses high performance. 

It can be observed in Figure 7c, b-TiO2/MoS2/CdS exhibited the longest lifetime of photogenerated 

electronïhole pairs, which demonstrated b-TiO2/MoS2/CdS could generated more free electrons. 

Therefore, they proposed a possible photocatalytic mechanism (Figure 7d). Firstly, hollow and 

porous structure enable the prepared catalyst to harvest solar energy as much as possible. And then, 

these collected solar energy induces b-TiO2 and CdS to generate electrons and holes, following, 

photogenerated charges will migrate from b-TiO2 and CdS to MoS2, where they will react with H+
 

to produce hydrogen. 
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Figure 7. (a) Fabrication process of b-TiO2/MoS2/CdS tandem heterojunctions, (b) hydrogen 

evolution Cycling tests and (c) time-resolved fluorescence spectra of b-TiO2, b-TiO2/MoS2 and b-

TiO2/MoS2/CdS, (d) hydrogen production mechanism of b-TiO2/MoS2/CdS tandem 

heterojunctions. Reproduced from ref. 58 

Yaoôs research group applied the strategy of crystal facets engineering to improve the 

photocatalytic hydrogen evolution rate.59 Combining the result of HRTEM (Figure 8a) and SAED 

(Figure 8b),  it can be proved that hydrothermal method that they used could synthesize the Pt3Sn 

with exposed (110) crystal facets. Following, (110) of Pt3Sn and (100) of Pt were also prepared to 

illustrate the enhancing effect of (110) crystal facet on hydrogen production under visible light 

irradiation. As exhibited in Figure 8c, Pt3Sn with exposed (110) could significantly increase the 

H2 evolution capacity of CdS compared to other cocatalyst, which demonstrated specific crystal 

facets played a vital role in photocatalytic hydrogen production. In addition, DFT theoretical 

calculation was also conducted to gain a deeper understanding for the revelation of high 

photocatalytic activity. For the Gibbs Free energies changes of hydrogen evolution rate (HER), as 

the absolute Gibbs free energy approaches 0.00 eV, it becomes increasingly favourable for HER.60 

From Figure 8d, the introduction of Pt3Sn with exposed (110) remarkably increased the absolute 

ȹGH* value of HER, therefore, (110) of Pt3Sn heightened the hydrogen production performance of 

CdS. 
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Figure 8. [110] direction (a) high resolution transmission electron microscopy, (b) corresponding 

selected area electron diffraction of Pt3Sn nanocube, (c) hydrogen production performance with 

different facets and (d) Free-energy diagrams for HER. Reproduced from ref.59 

1.3.2 Photocatalytic lignin and lignin derivatives conversion 

When biomass was introduced into this catalytic system as substrates (as shown in Figure 9), on 

the one hand, active functional groups such as hydroxyl groups, C-C or C-O bonds act as sacrificial 

reagents to directly capture holes to complete the conversion of value-added of biomass. On the 

other hand, ·O2
ī, ·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 hydroquinone.61 However, due to the strong oxidizing 

property of ROS, lignocellulosic based biomass is prone to be mineralized. As to the lignin 

photoconversion, reasonable mechanisms that has been admitted and proved by most of lignin 

model compound studies could be comprised of two parts: (1) Direct reaction between 

photogenerated carriers with lignin. Photoinduced Holes will attack CŬ-H of ɓ-O-4 bond of lignin 

to form CŬ radical firstly, following, electrons combines generated CŬ radicals to facilitate the C-

O bonds cleavage,62 which is similar to the breaking of C-C bonds.63 (2) Indirect reaction between 

photogenerated carriers with lignin. Generated electrons and holes could combine dissolved O2 

and H2O2 molecules to form oxygen-containing free radicals, respectively. And then these free 

radicals with strong oxidizing ability will break C-C/C-O bonds.64 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 photoconversion. 

 
Figure 9. Mechanism of photocatalytic process and photoconversion pathway of biomass. 

One of the key strategies for lignin valorization has been focused on the depolymerization into 

small platform chemicals. Additionally, lignin can also be upgraded into gaseous or liquid fuels. 

Traditional technologies, such as thermocatalytic routes, have been 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 low-cost strategy, has emerged as promising strategy to replace traditional 

technologies. In the following section, two main strategies to upgrade lignin trough photocatalysis 

will be explored (Figure 10). 

 
Figure 10. Several photocatalytic routes for lignin valorization. 
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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 aromatics, including acids (vanillate, ferulate, 

p-coumarate, (hydroxy)-benzoate), aldehydes (vanillin, benzaldehyde) and phenolic monomers 

(catechol, guaiacol, phenol, cresol).65 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, antifoaming agent, vulcanization inhibitor, and chemical 

precursor.66 

Due to the variety of chemical motifs present in lignin, the selective fragmentation of targeted 

bonds can be quite challenging. However, many works have already proved the feasibility of lignin 

depolymerization in photocatalytic systems.67, 68 The majority of present approaches is to 

selectively cleave C-C or C-O (specially ɓ-O-4) linkage, which is the key point to harvest 

monomer and platform chemicals. The photocleavage of ɓ-O-4 bonds in lignin, as the 

representative of C-O bonds, is usually accomplished in two steps that consist of a pre-oxidation, 

followed by a reductive cleavage. Specifically, the first step is oxidation process. The hydroxyl 

group at the CŬ position (CŬ-OH) will be dehydrogenated into the carbonyl group (CŬ = O), it will 

reduce the bond dissociation energy (BDE) of the adjacent Cɓ-O bond from 69.2 to 55.9 kcal mol-

1, which makes the subsequent Cɓ-O bond cleavage much easier.69 Following, photocatalytic 

reduction ensues. Due to the first oxidation step, the BED of Cɓ-O bond is sharply weakened, the 

photoinduced electrons can directly or indirectly combine with Cɓ-O bond and then 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 thermocatalysis,70 and electrocatalysis.71 It is worth 

noting that sacrificial agents are indispensable for consuming excess photogenerated electrons and 

holes within this two step strategy. Moreover, Continuous efforts in this direction lead to the 

discover of an alternative one-step photoredox mechanism that involves the formation of CŬ 

radical intermediate, which is produced by photogenerated electrons and holes. Compared to two 

step strategy, no need for one-step photoredox to separate and purify the generated ketone 

intermediates, which make the whole reaction more simply.11 This mechanism was first observed 

by Wang et al. using CdS QDs as a photocatalyst.33 In their experiments with model compounds 

(PP-ol and PP-one), they found that photocatalytic conversion of a ketone intermediate model 
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compound was very slow by using CdS QDs catalyst, indicating that a different pathway was 

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

by one photogenerated hole could remarkably decrease the BDE of the C-O bond from 55 to 7.8 

kcal mol-1, which is significantly larger than that of oxidizing the CŬ-OH to CŬ = O (Figure 10). 

More representative research about C-O bonds cleavage of lignin was displayed in Table 3. 

 
Figure 11. (a) The DFT calculation value of C-O bond BDE of PP-ol and PP-one, (b) Mechanism 

of ɓ-O-4 bond cleavage over CdS QDs. Reprinted from 33. (c) C-C bonds cleavage mechanism. 

Reprinted from ref. 72 
 

Table 3. Studies for photocatalytic break of lignin C-O bonds. 

Catalyst Substrate 
C-O 

bond 

Reaction 

Condition 

Conversion 

Product/Yield 

Concentration 

(Catalyst/Substrate/Solution) 
Ref. 

Oxidized 

g-C3N4 

2-phenoxyl-1-

phenethyl alcohol 
ɓ-O-4 

Xe lamp 

(113.1 mW·cm-2) 

Benzaldehyde 

50.5% 
10 mg / 2 mg / 10 ml 73 

Zn4In2S7 
2-phenoxyl-1-

phenethyl alcohol 
ɓ-O-4 

300 W Xe lamp 

(ɚ=400-780 nm) 

Acetophenone 86% 

Phenol 82% 
10 mg/ 0.1 mmol / 5 ml 74 

H-TiO2 
Phenethoxybenze

ne 
ɓ-O-4 

500 W Xe lamp 

(100 mW·cm-2) 

Phenol 

Ethylbenzene 
0.1 g / 1 mg / 100 ml 75 

Ni/CdS 
2-Phenoxy-1-

phenylethanone 
ɓ-O-4 

8 W LED 
(ɚ = 440-460 nm) 

Acetophenone 50% 
Phenol 50% 

20 mg/ 5 mM / 10 ml 76 

ZnIn2S4 
2-Phenoxy-1-

phenylethanone 
ɓ-O-4 

9.6 W LED 
455 nm 

Acetophenone 83% 
Phenol 90% 

5 mg / 0.1 mmol / 1 ml 77 

VO(OiPr)3 
1,2-

diphenylethanol 
ɓ-O-4 

LED 

(455 ± 5 nm) 

Benzaldehyde 86% 

Benzoic acid 7% 
4 mg / 1 0.05 mmol / 1 ml 78 

[PrHSO3Mi

m]OTf 

2-phenoxy-1-

phenylethanol 
ɓ-O-4 UV light 

Benzoic acid 78.3% 

Phenol 55.5% 
75 mg / 10 mg / 25 ml 79 

Zn1-xCdxS 
2-Phenoxy-1-

phenylethanol 
ɓ-O-4 300 W Xe lamp 

Acetophenone 12% 

Phenol 21% 
2 mg / 20 mg / 5ml 80 

 

Apart from C-O bonds, C-C bonds are another critical linkages that account for about one-third of 

raw lignin. Compared to the cleavage of C-O that could only generate aromatic monomers, the 

cleavage of C-C bond deserves more attention because of a higher yield of monomer products such 

as organic acids and ketones that produced from lignin depolymerization.68 Theoretically, non-
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polar and robust features enable C-C bonds higher bond dissociation energy (314-494 kJ mol-1) 

than Cɓ-O (52-80 kcal mol-1).81 In addition, there are two hassles for the C-C bonds break. Firstly, 

the coexistence of C-O and C-C bonds in nature lignin and it has been proved that the bond energy 

of Cɓ-O was effectively reduced from 247.9 to 161.1 kJ mol-1during the oxidation of ɓ-O-4 alcohol 

to ɓ-O-4 ketone process, but the bond energy of CŬ-Cɓ was increased from 264.3 to 294.2 kJ mol-

1, which made the cleavage of C-C harder.82 On the other hand,  if the C-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. Therefore, itôs urgent to 

exploit a more efficient strategy to selectively break C-C bonds. Hou and co-workers studied the 

C-C bonds breaking mechanism by using the hybrid CuOx/CeO2/TiO2 nanotube as shown in Fig. 

5c 72. Under light irradiation, photogenerated electrons will combine with oxygen molecules to 

generate superoxide anion radicals, meanwhile, holes attack Cɓ-H to form Cɓ- radicals. Following, 

unstable peroxide intermediates will be generated by the combination between superoxide anion 

radicals and Cɓ- radicals. As a consequence, CŬ-Cɓ bonds tend to fracture to produce benzaldehyde. 

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

Table 4. Studies for photocatalytic break of lignin C-C bonds. 

Catalyst Substrate 
C-C 

bond 
Light Source Conversion Product 

Concentration 

(Catalyst/Substrate/Solution) 
Ref. 

g-C3N4 1,2-Diphenylethanol CŬ-Cɓ 
300W Xe 

lamp 

Benzaldehyde 10.3% 

Benzoic acid 18.63% 
0.01 g / 0.01 g / 3 ml 83 

IrIII/PhSH Lignin model A CŬ-Cɓ 
50 W blue 

LED 

Benzaldehydes 97% 

Phenyl 96% 
2 mol/ 0.1 mmol / 2 ml 84 

Commercial 

CeCl3 
1,2-Diphenylethanol ɓ-1 

30 W blue 

LED 

Benzaldehydes 95% 

Aniline salt 94% 
2 mol / 0.2 mmol / 1 ml 85 

TiO2 ɓ-5 model dimer ɓ-5 
UV-LED 
(375 nm) 

- 50 mg / - / 100 ml 86 

Ag3PO4ïPCN 1,2-Diphenylethanol ɓ-5 
300 W Xe 

lamp 

AM 1.5 

Aromatic aldehydes 

66% ~ 95% 
10 mg / 0.1 mmol / 5 mL 87 

mpg-C3N4 
2-phenoxy-1-

phenylethanol 
CŬ-Cɓ 

455 nm LED 

(6 W) 

Benzaldehydes 51% 

Benzoic acid 21% 

Phenyl formate 30% 

10 mg / 0.05 mmol / 1 ml 88 

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, improvements in catalyst design have great impact on conversion 

performance and selectivity of products. Strategies such as bandgap engineering, morphology 

modification and use of co-catalysts  has been proven to be effective for lignin valorization.10, 87, 

89 For example, band-gap engineering could alter light absorption region and potential reaction 
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pathway,90 morphology modification could improve light utilization, charge separation and 

reaction kinetics,91 as well as controlling co-components of photocatalysts can obtain the specific 

selectivity and productivity.92 

Metal Oxides 

Titanium dioxide (TiO2) is often considered as a reliable photocatalyst for photocatalytic reactions 

due to its environmental friendliness and low-cost. The use of this catalyst for lignin 

depolymerization was first reported by Kobayakawa et al.,93 and 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 the photocatalytic activities. Yaoôs research 

group applied metal organic framework (MIL-125) as precursor of TiO2 to convert sodium 

lignosulfonate into vanillin.94 After calcination, MIL-125 derivative TiO2 possesses a better porous 

structure compared with P25, the crystalline grain size and pore size distribution can be controlled 

by the calcination temperature as shown in Figure 12a. Following, trapping experiments are 

employed to revel an underlying conversion mechanism (Figure 12b). Results showed that yield 

of vanillin showed a sharp decrease after introduced ethylene diamine tetraacetic acid (EDTA)-

4Na and p-benzoquinone (BQ) that can capture h+ and ·O2
- respectively. Therefore, they thought 

eī that migrated from VB to CB combined O2 to generate ·O2
- and then h+ and ·O2

-
 convert SLS to 

vanillin separately.  

 
Figure 12. (a) Synthesis process, SEM of M-TiO2 and N2 adsorption-desorption isotherms of all 

samples, (b) trapping experiments and proposed conversion mechanism of SLS over MT400. 

Reproduced from ref.94 
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Srisasiwimon et al. proposed a method that not only functionalized kraft lignin, but conversed 

lignin into high value chemicals.95 In their research, kraft lignin was sintered into carbon material 

to modified TiO2, due to the introduced lignin-based carbon material, light harvest region of TiO2 

was obviously enhanced from ultraviolet to visible light region as displayed on Figure 13a. In 

quick succession, depolymerization ability of TiO2 and TiO2/lignin catalysts was investigated. The 

lignin-based carbon material modified TiO2 exhibited great conversion for kraft lignin under UV 

light irradiation (ɚmax = 365 nm) on Figure 13b, 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 of TiO2. 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 the GC-MS results (Figure 13c), 

in another words, low lignin conversion rate was contributed to producing vanillin. Therefor, a 

hypothesis was proposed and showed on Figure 13d that vanillin might be an intermediate and 

could be further converted into other compounds with surface area of the catalyst increase.  

 
Figure 13. (a) UV-visible absorption spectrum, (b) kraft lignin conversion test and (c) GC-MS 

analysis results of TiO2 and TiO2/lignin composites (d) mechanism of photocatalytic process. 

Reproduced from ref.95 

Apart from TiO2, ZnO is also selected to obtain platform chemicals form lignin. Ahmad et al. 

applied response surface methodology to optimize the conversion rate of rice straw-based waste 

lignin and evaluated kinetics of producing vanillin and 4 hydroxy benzaldehyde from the 

hydrolysis residue of rice straw using commercial ZnO and TiO2.
96 Results showed that the 

conversion performance of ZnO was better than TiO2 and 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. TiO2 and ZnO, have made a contribution for depolymerizing lignin into value-

added chemicals, nevertheless, 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 or TiO2, 

which limits the development of metal oxide photocatalysts in photocatalytic upgrading lignin. 

Metal Sulfides  

Sulfide based photocatalysts are probably the most investigated semiconductors for biomass 

valorization, mainly due to its appropriate energy band structure for visible-light absorption and 

suitable redox capability. It is also feasible to tune its photophysical and photocatalytic properties 

by controlling its structural parameters such as phases, sizes, and morphologies.32, 97 The 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. In-depth evaluation of active sites and reaction 

mechanisms for lignin depolymerization are still under construction, but some works have already 

indicated that the presence of thiol groups in the catalyst surface can act as active centers for C-H 

bond activation under light illumination, justifying the high performance of this class of 

photocatalysts in this cleavage of ɓ-O-4 bonds when compared with other popular semiconductors.  

Yoo et. al revealed that applying silver-exchanged method could greatly promote the conversion 

of lignin model compound.98 During ion-exchanging process (Figure 14a), Cd2+ was partly 

substituted by Ag+ and then deposited on the surface of CdS particles as Ag2S, which was proved 

by the high-resolution photoemission spectroscopy (Figure 14b). Cadmium sulfide that went 

through moderate silver-ion exchanging was able to achieve almost 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 that Ag+-exchanged domains can shift 

the Fermi level of CdS (Figure 14c), which directly affects the electron transfer in the CB enabling 

photogenerated electrons and holes to effectively participate in the cleavage of ɓ-O-4 bonds 

(Figure 14d).  



21 
 

 
Figure 14. (a) Cationic exchange process, (b) HRPES data, (c) valance spectra and fermi level 

and (d) ɓ O 4 bond cleavage mechanism in lignin model compounds of silver-exchanged 

cadmium sulfide (Ag2@CdS). Reproduced from ref.98 

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 in size. Wangôs research took this advantage to achieve the photocatalytic 

conversion of lignin.99 With the combination of the organic ligand modification technology, 

further yield of high-value functionalized aromatics from lignin was achieved (Figure 15a). 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 displayed on Figure 15b. 

It demonstrated the length of ligand was inversely proportional 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 15c). In the presence of PP-ol (lignin model compound), CdS-C3 presented highest 

decay rate compared to CdS-C6 and CdS-C11, indicating that organic ligands could act as a 

channel to improve the transformation of electrons between CdS QDs and PP-ol. In order to test 

the catalytic potential of CdS-C3, several different industrial lignin were selected as substrates. As 

shown in Figure 15d, CdS-C3 could effectively convert industrial lignin into aromatics and the 

lignin with higher ɓ-O-4 contents generated higher yield of functionalized aromatics, which 

implied CdS-C3 had the priority to selectively cleave ɓ-O-4 bonds in lignin. A reasonable 

conversion mechanism was proposed (Figure 15e) that holes transfer to the reactant via organic 

ligands to break the CŬïH bond that would lead to the formation of a CŬ radical and a proton. 

Following, photoinduced charges migrate to the CŬ radical to break ɓ-O-4 bonds and then form a 
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phenoxy anion and acetophenone. In the end, the phenoxy anion would accept a proton to produce 

phenol.  

 
Figure 15. (a) Aromatic monomers yield over CdS QDs with different ligands, (b)the effect of 

ligand length on lignin conversion rate, (c) kET vs ligand length under the existence of substrates, 

(d) the relationship between ɓ-O-4 contents and the yield of monomers and (e) conversion 

mechanism of lignin model compound over CdS QDs with organic ligand. Reproduced from 

ref.99 

Recently, bi-metal sulfides that exhibits excellent photocatalytic properties also attracted a lot of 

attention from bio-photoconversion. For example, Luo and co-workers reported using ZnIn2S4 to 

convert lignin model compounds and dioxanesolv lignin.77 The ZnIn2S4 photocatalyst was 

prepared via one-pot hydrothermal method. It presented a sphere-liked porous morphology (Figure 

16a), which could provide more active sites and enable a better contact between catalysts and 

substrates. As in other studies, 2-phenoxy-1-phenylethanol (PP-ol) was employed to revel the 

process of photocatalytic CɓïO bond cleavage (Figure 16b). PP-ol was converted into 

acetophenone, phenol and 2-phenoxy-1-phenylethanone (PP-one) within 3 h. The yield of 

acetophenone and phenol eventually exceeded 80 %, which demonstrated ZnIn2S4 could 

effectively break ɓ-O-4 bonds. In addition, based on the result of investigation of hydrogen transfer, 

they proposed that photogenerated holes oxidated Ŭ-OH groups to form 1f radicals (Figure 16c). 

Subsequently, 1f was further oxidated into 1d. 1d that adsorbed on the surface of ZnIn2S4 would 

combine the hydrogen species that came from ñhydrogen poolò to produce cleaved product. To 

test heterogeneous photocatalytic performance of ZnIn2S4, more complex ɓ-O-4 model 
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dioxanesolv lignin (Mn=2885, Mw=5454) was used as substrates. As shown in (Figure 16d), after 

24 h light irradiation, a variety of aromatic monomers could be observed and p-hydroxyl 

acetophenone derivatives were also produced, which indicated depolymerization rules of 

dioxanesolv lignin accords with the lignin model compound. 

 
Figure 16. (a) SEM image of ZnIn2S4, (b) lignin model compound (PP-ol) conversion rate and 

yields of depolymerizing products, (c)photocatalytic conversion mechanism over ZnIn2S4 and (d) 

Analysis of photocatalytic depolymerization products of dioxanesolv poplar lignin. Reproduced 

from ref.77 

In summary, metal sulfide exhibits striking conversion ability for lignin, but some of known 

disadvantages of this catalyst include high recombination rates between charges and holes, poor 

stability that upon light illumination, the surface sulfide ions can be self-oxidized by 

photogenerated holes enriched on the outer surface of metal sulfides, which seriously limits their 

stability and practical application as photocatalysts-specially under low/neutral pH.  

Graphic Carbon Nitride 

The metal-free polymeric carbon nitride has been proved to be a promising material for 

lignocellulosic biomass depolymerization, owing to its low-cost preparation from earth-abundant 

chemicals, strong physicochemical stability and favorable visible-light response.100 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 photocatalysts due to the complex structure and 

steric hindrance effect of lignin. Nevertheless, the electron-rich 2D 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 molecular with bulky benzene rings.101 Liu et al. reported the application of 

mesoporous graphitic carbon nitride to break C-C bound of lignin model compound to obtain a 

serious of aromatic compounds under visible light illumination.88 The molecular structure of C3N4 

materials was identified by FT-IR showed on (Figure 17a). All prepared C3N4 displayed two 

typical diffraction peaks, however, the diffraction peak intensity of mpg-C3N4 was weakest 

compared with other two samples, indicating less intralayer hydrogen bonds that is significant for 

peeling g-C3N4 into layer structure and accelerating migration of photogenerated charge.102 The 

structure of mpg-C3N4 was also proved by the nearly transparent layers of mpg-C3N4 (Figure 17b). 

The interaction between mpg-C3N4 and lignin model compounds was clarified by carrying out 

solid-state MAS NMR experiments and the result showed on Figure 17c. It can be found that the 

peak at 9.1 ppm belonged to NHx groups of mpg-C3N4, moreover, a new peak on 6.8 ppm was 

detected that could be attributed to the hydrogen of benzene rings. Therefore, the interaction 

between lignin model compounds and mpg-C3N4 existed and this spatial proximity would help the 

transfer of photogenerated charges.103 In addition, they employed DFT calculation to investigate 

why the interaction existed and what it is. From calculation results, this mesoporous structure 

enables 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 

between benzene rings and triazine rings accorded with ˊ-ˊ stacking interaction. Based on 

experimental and theoretical results, a possible mechanism was proposed (Figure 17d). Lignin 

molecular was stacked on the surface of mpg-C3N4 via -́ˊ interaction, and then the Cɓ-centered 

radical was formed by photogenerated holes attacked the hydrogen of Cɓ. The formed intermediate 

would combine O2 and hydrogen radicals to produce the major products. Ku et. al. also 

demonstrated a similarly photocatalytic transformation mechanism of  lignin-derived model 

compound over carbon nitride.104 Contrary to Liuôs experimental results, the produced 

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 consequence, further 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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Figure 17. (a) Fourier-transform infrared spectroscopy spectra, (b) HRTEM image, (c) 1H MAS 

NMR spectra and (d) conversion mechanism of mesoporous graphitic carbon nitrides (mpg-

C3N4). Reproduced from ref.88 

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 needed to be improved by reasonable designing 

photocatalysts structure.  

1.3.2.2 Gas energy production 

Hydrogen and biogas are considered as the ideal fuels for enabling virtual zero emissions when 

they are converted to electricity and water via fuel cells. However, synthesizing green hydrogen 

and biogas in a cost-effect manner is still a challenge. For example, 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 view, biomass photoconversion is more favorable due to the more positive 

oxidation potential of biomolecules. For that reason and the possibility of producing hydrogen 

energy and value-added coproducts, photoconversion of biomass stands out as a promising route 

for fuels production from biomass.   

Su and co-worker also achieved the photocatalytic conversion of lignin into hydrogen.89 

Specifically, hydrothermal and solvothermal combined strategy was applied to prepare Mo 
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element dopped/Ni decorated ZnIn2S4-wrapped NiMoO4 (Figure 18a). This heterojunction 

structured photocatalyst exhibited great photocatalytic hydrogen production rate about 530 

ɛmolĿh-1·g-1 from sodium lignin sulfonate (SLS) solution (Figure 18b) and kept a stable 

photocatalytic activity after 5 cyclic experiments. Noticeably, the photocatalytic performance 

showed an increase, which caused by the production of small molecular organic compounds after 

first reaction. Subsequently, EPR and KPFM were performed to prove the S-scheme mechanism. 

As shown in Figure 18c, the surface potentials of 10 NMO@M-ZIS-N exhibited obvious decline 

from 750 to 650 mV that illustrated transmission pathway of charges between ZIS and NMO 

complied with the S-scheme. For EPR test (Figure 18d), ZIS and NMO showed clear signal of 

DMPO-·O2
- and DMPO-·OH respectively under light irradiation. Combining the HER 

performance of ZIS, it could be reveled that better oxidizing ability would facilitate hydrogen 

production from photocatalytic lignin.   

 
Figure 18. (a) Synthesis process, (b) photocatalysis H2 evolution rate of NMO@M-ZIS-N (insert 

is the cyclic test results), (c) KPFM surface potential images before and after irradiation and (d) 

EPR signals of DMPO-ĘOH adducts of prepared samples. Reproduced from ref.89 

1.3.2.3 Liquid fuel production  

With the fast development of industrialization, the demand of petroleum-based 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 fuels. Therefore, 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 photocatalysis.105 As illustrated in 

Figure 19a, Au/CdS displayed great C-C bonds coupling ability for combining two 4-ethyl-1-

methoxybenzene molecular together and yield of the dimers was as high as 2.4 mmol·gcatal
-1·h-1. 
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Hydrogen could also be produced (production rate is 1.6 mmol·gcatal
-1·h-1) via reducing the 

extracted H atom from benzylic C-H. The high photocatalytic performance is attributed to the great 

catalytic C-C coupling ability of CdS.106 The introduction of Au nanoparticle further enhanced 

visible light response of CdS, which could be proved by results of band gap energy plot, PL and 

SPV spectra (Figure 19b). In the meantime, the type of solvent and morphology of catalyst were 

proved to have a significant effect on production of hydrogen and dimers. They exploited the C-C 

coupling mechanism by radical capture and electron spin resonance tests (Figure 19c and d). The 

radical capture reagents TEMPO and styrene were separately added into reaction system, the yield 

of dimers presented a sharp decrease, which meant C-C coupling was related to the radical 

mechanism and benzylic carbon radical was produced. The ESR result provide another evidence 

to support the above conclusion (Figure 19e). A possible reaction mechanism was proposed on 

Fig. 14e. The benzylic C-H bond was oxidized into carbon-centered radicals by photogenerated 

holes and then C-C bond coupling enabled carbon-centered radicals to connect another one to form 

dimers. Finally, a possible pathway was reported for producing diesel fuel 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 % yield, which 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.  

 
Figure 19. (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 fuel. Reproduced from ref.105 
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In order to have a clearer comparison of lignin light conversion, Table 5 summarizes all the 

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

of current research progress, although metal oxides are non-toxic and easy to synthesize, their 

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

applications 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. However, a more in-depth 

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

convert lignin into a specific type of aromatic product. 

Table 5. The summarization of photocatalysts for lignin photoconversion. 

Catalyst Substrate Light Source Time/h Temperature/ Product Ref. 

M-TiO2 
Sodium 

lignosulfonate 

300 W Xe lamp 

350-780 nm 
6 Room temperature 

Vanillin 

2.1 mg/gSubstrate 
94 

TiO2/lignin Kraft lignin 
400 W Hg lamp 

400 W, ɚmax = 365 nm 
5 - Vanillin 1.68% 95 

ZnO 
Rice straw 

hydrolysis residue 
125 W UV lamp - Room temperature Vanillin 3.642% 96 

TiO2-NiO Kraft lignin 300 W Xe lamp 20 60 Hydrogen - 107 

TiO2-ZnO 
nanoparticles 

Lignin 
100 W Halogen lamp 

380-800 nm 
4 - 

Aromatics 88% 
Methane 284.65 ml 

108 

Ag2S@CdS (Wurtzite) 
2-phenoxy-1-

phenylethanol 

Blue LED 

6W 
- 30 

Phenol 95% 

Benzaldehyde 91% 
98 

CdS QDs Birch wood meal 
300 W Xe lamp 

(ɚ = 400-780 nm) 
8 Room temperature 

Aromatic monomers 

8.7 wt% 
99 

ZnIn2S4 
Dioxanesolv poplar 

lignin 

9.6 W LED light 

455 nm 
24 - 

Aromatic fragments 

10 wt% 
77 

NMO@M-ZIS-N 
Sodium lignin 

sulfonate 

300 W Xe lamp 
400 nm 

513 mW cm-2 

- 10 
Hydrogen 0.53mmol 

h-1 ·g-1 
89 

CdS/Au Lignin oils 
18 W LED 

455 nm 
24 - 

Hydrogen 

4.6 mmol glignin oil
-1 

Aromatic dimers 76 
wt% 

105 

mpg-C3N4 
Sodium 

lignosulfonate 

6 W LED light 

under 455 nm 
10 Room temperature 

Phenol formate 20% 

Benzoic acid 5% 
Benzaldehyde 40% 

88 

Fe3O4@gC3N4 Lignin 500 W halogen 3 - Biogas - 109 
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1.3.2.4 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 after photocatalytic reaction and also 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 of functional groups of lignin by unique expansion and rotation of molecules. 

For example, around 3448 cm-1
 was attributed to the O-H stretching vibration of aromatic skeleton 

and characteristic peak of aryl ketones was exhibited on 1668 cm-1.110 Besides, three block units 

(syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H)) also can be recognized on FTIR 

Spectroscopy.111-113 FTIR is a qualitative analysis method.   

UVïvis Diffuse Reflectance Spectra (UVïvis/DRS) 

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

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

in the UVïvis/DRS is the reduction of the intensity of the absorption peak at a particular 

wavelength.107, 114, 115 Generally, UVïvis spectroscopy of lignin solution will exhibit absorption 

peak attenuation on around 210 (ˊ Ÿ ˊ* electronic transitions of C-C double bond in aromatic 

groups) and/or 280 nm (n Ÿ́ * electronic transitions of the phenolic or etherified hydroxyl 

groups).116 It should be noted that UVïvis/DRS qualitative analysis method. 

Nuclear Magnetic Resonance (NMR) 

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

and two-dimensional (2D) nuclear magnetic resonance (NMR). Various chemical bounds such as 

C-C double bonds and possible all-space correlations can be displayed by selecting different 

spectra (1H, 13C, HSQC and HMBC). For example, in Hengôs work, HSQC NMR was carried out 

to semi-quantitatively analyze the change of ɓ-O-4, ɓ-ɓ and ɓ-5 contents of kraft lignin before and 

after light irradiation.107 Because the content change of these linkages not only denotes the degree 
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of depolymerization of lignin, also indicates what kind of chemical bonds the catalyst is more 

likely to attack. In addition, 31P NMR can be used to identify the type of oxygen-containing 

functional group by locating the signal peak as carried out in Falevaôs  research.117 In addition, 

NMR is quantitative analysis method.  

High Performance Liquid Chromatography (HPLC) 

During the photoconversion process of lignin, acids, aldehydes or phenolic compounds are often 

generated. Therefore, HPLC is a convenient and efficient method for quantitative analysis of above 

substances. When 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, taking quantitative analysis 

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 mechanism of 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 with initial 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 directly obtain.78, 118 Therefore, GPC can be applied to monitor the degree 

of lignin decomposition. 

Gas Chromatography-Mass Spectrometry (GC-MS) 

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 ions possess different mass-to-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 sample must 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 (LC-MS) 

The working process of LC-MS is similar with GC-MS. The sample was decomposed firstly and 

then the products were determined qualitatively and quantitatively by comparing the fragments 

with a standard gallery. Unlike GC-MS, thermal degradation of sample can be avoided, which 

enables the results more 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 Time-of-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 quantify complex mixtures 

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

makes it easier to identify the intermediator during photoconversion of lignin.119 

A flow diagram about holistic lignin photoconversion process was displayed in Figure 20. Briefly, 

a photocatalyst with suitable band gap structure and surface chemistry should be rational designed 

and synthesized for lignin photoconversion. Then, the gas or liquid products after lignin 

photocatalytic reaction should be analyzed to revel the conversion mechanism of lignin during 

photoconversion. Briefly, the gas products can be analyzed by gas chromatography (GC), via 

either the online GC system (such as Labsolar-6A on-line trace gas analysis system, Perfectlight) 

or the offline GC system.  As for the liquid products, UV-vis diffuse reflectance 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 Lambert-Beer law. Then, the suitable 

organic reagent will be used to extract liquid products from reaction solution, and these produces 

will be further analyzed by using the combination of GC-MS and LC-MS. For the solid residue, 

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

verify and revel the change of lignin chemical structure. As for FT-IR, the three structural units of 

lignin can be roughly judged by the stretching characteristic peaks of chemical bonds and 

functional groups, which could be semi-quantitatively studied variation of functional groups by 

curve-fitting analysis. More precise changes in lignin structure can be then studied by NMR. Solid 

and liquid NMR are commonly used to detect lignin-related products with 31P, 1H or 13C labelling. 

The 31P NMR is mainly used to determine the structure containing hydroxyl functional groups in 

lignin, such as carboxylic acid and aliphatic. While the 2D 1H-13C Heteronuclear Single-Quantum 

Coherence (HSQC) NMR can be used to provide deeper insights into interlinkages within lignin, 

since it can achieve semi-quantitatively analysis to specific chemical bonds such as ɓ-O-4, ɓ-5, ɓ-

ɓ and so forth. Comparing the fluctuation of chemical bonds concentration not only manifests the 

degree of lignin photoconversion, but also indicates which chemical bond in lignin can be easily 

broken by the selected photocatalyst. Finally, the lignin photoconversion mechanism can be 

proposed based on these analysis results.  

 
Figure 20. The diagram of lignin photoconversion experiment design and conversion products 

analysis. 

1.4 Introduction to cadmium sulfide 

Cadmium sulfide (CdS) is 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 reduction,120 pollutant degradation,121 and hydrogen production.122  
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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 the II-VI group. As shown 

in Figure 21, CdS has two different crystal structures. The first is a cubic shape called the zinc 

blende structure (Figure 21a), which is unstable and prone to structural transformations. The 

second is a hexagonal prism-shaped wurtzite structure (Figure 21b), which has higher chemical 

stability compared to the zinc blende configuration 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 

and 3.9 eV for cubic and hexagonal phase, respectively, which enables efficient conversion of light 

energy.123 Thus, visible light can excite CdS to generate photoinduced electron-hole pairs, making 

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

as widely recognized by researchers. 

 
Figure 21. (a) Hexagonal structure and (b) cubic structure CdS. Reproduced from ref.124 

1.4.2 Synthesis methods of cadmium sulfide 

The photoelectric properties of semiconductor 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 

categories based on the phase state during the synthesis process: gas-phase reaction, liquid-phase 

chemical synthesis, and solid-state reaction. Additionally, various derivative methods have been 
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developed to achieve controllable and adjustable performance. Herein, two  common synthesis 

methods are introduced. 

Solvothermal Method 

The solvothermal method is a common approach for preparing nanometer-scale particles, 

particularly for laboratory-based 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 nanoparticle preparation: (1) Pre-mixing: Water 

or organic solvents are pre-mixed with the starting materials to better control the dissolution rate 

and reaction kinetics. (2) Reaction: The reactant mixture is poured into a high-temperature resistant 

container, sealed in a high-pressure 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 desired product. 

By adjusting reaction conditions such as temperature, time, pressure, and solvent type, the 

solvothermal method can be used to control the morphology, crystallinity, and particle size of the 

catalyst. In the case of CdS catalyst synthesis, this method can produce CdS particles with excellent 

crystallinity and uniform particle size, which are critical for the performance of catalysts. For 

example, Jang and co-workers applied ethylenediamine as solvent to synthesize one-dimensional 

CdS nanowires with different temperatures and times.125 As shown in Figure 22, cadmium sulfide 

undergoes a process of nanocrystallization resulting in the formation of nuclei firstly. With 

increasing reaction time and temperature, CdS nanosheets started to growth on the surface of nuclei, 

which subsequently transform into more stable nanorods. Ultimately, nanowires are formed, with 

gradual disappearance of the inner core. 
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Figure 22. Mechanism of CdS nanowire production process. Reproduced from ref. 125 

Precipitation Method 

This method is based on the selective adsorption and exchange properties of ions in different 

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: 

Cd2+ (aq) + Na2S (aq) Ū CdS (s)ū + 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, and pH, the size 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 and size. For 

example, Mohammed et al. proposed a strategy to produce highly-confined and monodispersed 

CdS nanoparticles.126 Specifically, cadmium acetate dihydrate and sodium sulfide nonahydrate 

were selected as sources of cadmium and sulfer, respectively. Meantime, a polymer was also 

introduced during CdS synthesis process, which greatly resticted the reunion of CdS nanoparticles 

by polymerizable ligands with terminal double bonds (Figure 23). 
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Figure 23. Synthesis process of PAS-CdS. Reproduced from ref.126 

1.4.3 Modification of cadmium sulfide 

Although CdS attracted humorous attention from scholars due to its great photocatalytic 

characteristics. However, there are also several drawbacks that obviously restrict the further 

development of solar energy collection an vonversion field. For example,  The band gap of CdS is 

comparatively narrow, which will  result in recombination of the photogenerated electrons and 

holes during the migration from valance band to conduction band, leading to a significant reduction 

in the number of charges reaching the surface of CdS. This consequently decreases the 

photocatalytic efficiency of CdS.127 In addition, photoinduced holes possess strong oxidation 

capacity, and as a result, can decompose some cadmium sulfide materials into Cd2+, SO4
2- (oxygen 

atmosphere), and sulfur. Which named as photocorrosion of CdS.128 Therefore, it is urgent to solve 

these flaws to enhance the photocatalytic performance of CdS.  

Semiconductor Coupling 

Based on the valance and conduction band position, selecting another same or different 

photocatalytic semiconductors that matches CdS band gap structure to combine together. By this 

strategy, it can not only increase the solar light response ability of CdS, and secondly, but also 

suppress the recombination between charges and holes generated in CdS. Generally, there are two 

mechanism of photocatalytic activity enhancement that behind the semiconductor combination 
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(Figure 24). One is that under the guidance of an internal electric field, photogenerated electrons 

and holes will respectively transfer and aggregate on the conduction band with higher potential 

energy and valence band with lower potential energy of the composite semiconductors (type II ), 

which significantly weakens the recombination phenomenon between photogenerated electrons 

and holes.129 The other is that in the composite semiconductors, the charges accumulated on 

valance band with higher potential energy will combine with the holes on the valence band with 

lower potential energy (type Z), thus preserving their respective high oxidation and reduction 

abilities, and achieving efficient separation of electrons and holes.130 

 
Figure 24. Mechanism of electrons and holes migration. 

Liu et al. employed two-step method to seccessifully construct 0D/2D NiS/CdS nanocomposite.131 

As shown in Figure 25a, solvothermal strategy was used firstly to produce nanoflower structured 

CdS, following, NiS was loaded on the surface of CdS by photochemical synthesis method.  

Combining scanning electron microscope (Figure 25b) and transmission electron microscrope 

(Figure 25c) images furtherly proved the heterojunction structure between NiS and CdS. 

Photocatalytic hydrogen evolution results (Figure 25d) demonstrated that constructing 

heterojunction structure could dramatically heighten H2 production compared to pure CdS or NiS. 

Time-resolved photoluminescence (TR-PL) spectra was conducted to investigate the reason of 

photocatalytic performance enhancement. As shown in Figure 25e, the conjunction of CdS and 

NiS enabled the lifetime of photogenerated electrons, which denoted the recombination between 

charges and holes was sharply prohibited. Based on above results, they drawn a type S mechanism 

in Figure 25e.  The work function of CdS was smaller than NiS, therefore, the Fermi level of CdS 

spontaneously matches with that of NiS when they were combined. Moreover, edges of their 

conduction and valence bands were both bended, as a result, the formation of a built-in electric 
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field at the interface, which could guide the separation of photogenerated electrons and holes in 

order. Under light irradiation, photoinduced electrons in the conduction band of NiS would migrate 

to the valance band of CdS, therefore, high reduction capability of electrons in CdS were kept.  

 
Figure 25.(a)Synthesis process of 0D/2D NiS/CdS, (b) SEM and (c) TEM of CN25, 

(d)photocatalytic hydrogen production performance, (e) time-resolved photoluminescence 

spectra and (e) diagram of photogenerated electrons and holes migration of CN25. Reproduced 

from ref.131 

Morphology Modification 

The morphology modification strategy is a very common method to improve the catalytic activity 

of photocatalytic semiconductor materials. 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 for morphology control of photocatalysts: (1) Crystal 

face control: selecting different crystal faces and orientations to adjust the surface structure and 

electronic properties of photocatalysts. (2) Size and shape control: adjusting the particle size and 

shape of the catalyst such as pore structure and nanowires, to control 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 morphologies by solvothermal process and 

then a clear mechanism of photocatalytic activity enhancement via combining the theoretical 

simulation investigation.132 As shown in Figure 26a, various morphologies of CdS were prepared, 

the irregular (A),  nanoparticle (B), nanorod (C), the urchin liked (D) and nanowire (E) by selecting 

different sulphur sources and solvents. The test result of nitrogen adsorptionïdesorption isotherms 
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and the corresponding pore-size distribution curves (Figure 26b) proved that morphology 

controlling could affect the specific surface area and pore size of catalysts, which resulted in 

constructed more active sites. In addition, they found that the absorption edge of sample C, D and 

E exhibited blue-shift compared with sample A and B, which could be attributed the changes in 

band gap resulting from morphologies with different crystal facets.133 Finally, based on hydrogen 

evolution activity that nanowire structured CdS showed highest performance around (1.6 mmol ·h-

1·g-1), a possible mechanism was proposed. Compared to other nanostructure, it was easier and 

faster for photoinduced electrons and holes to migrate form the interior to the active site of surface 

in nanowire structured CdS. Therefore, the construction of morphology and crystal structure 

played a crucial role in enhancing photocatalytic performance of CdS.  

 
Figure 26. (a) SEM images, (b) Nitrogen adsorptionïdesorption isotherms and the corresponding 

pore-size distribution curves (inset), (c) UV-Vis absorption spectra and (d) photocatalytic 

hydrogen production performance of prepared CdS catalysts. Reproduced from ref.132 

Non-semiconductor Cocatalyst Loading 

There are two common types of non-semiconductor co-catalysts. One type is the precious metal 

type, which involves loading noble metals such as Au, Ru, and Pt on the surface of the catalyst at 

the nano or atomic level. The other type is the non-precious metal catalyst, which has a UV-visible 

absorption spectrum without an absorption edge, meaning it can absorb all wavelengths of light in 
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sunlight such as Ni2P, carbon quantum dots. However, regardless of which type of cocatalyst is 

used, the mechanism for enhancing photocatalytic performance is roughly the same. Specifically, 

photogenerated electrons and holes will be produced in primary semiconductor photocatalyst 

under light 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 the main semiconductor photocatalytic material. The photoexcited free electrons 

will automatically migrate towards the cocatalyst, which suppresses the recombination rate 

between the electrons and holes, thereby enhancing the photocatalytic activity. 

Li and co-workers loaded Pt nanoclusters on the surface of nanoflower structured CdS to improve 

the photocatalytic hydrogen evolution rate of CdS.134 As shown in Figure 27a and b, Pt 

nanoclusters were successfully combined with nanoflower structured CdS by high temperature 

thermal treatment. Following step, photocatalytic characteristics tests were conducted to figure out 

the influence of Pt on CdS. It could be found that a moderate amount of Pt nanoclusters could 

significantly enhance the visible light absorption (Figure 27c) and photoinduced carriers separation 

(Figure 27d) of CdS. Photocatalytic H2 production performance was carried out and shown in 

Figure 27e. Results proved that Pt nanoclusters obviously intensified hydrogen evolution rate from 

0.4 to 10.2 mmol·h-1, in addition, the stability of CdS was also improved simultaneously. Therefore, 

based on above results, a reasonable photocatalytic mechanism was proposed as displayed in 

Figure 27f. Monodispersed Pt nanoclusters that grew on the surface of CdS could accelerate the 

migration of photogenerated electrons from CdS to Pt, which effectively facilitated hydrogen 

oxidation process. 
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Figure 27. (a) High resolution and (b) high-angle annular dark-field scanning TEM images of Pt-

CdS-500 sample, (c) UV-Vis absorption spectra and (e) hydrogen production of all prepared 

samples, (d) transient photocurrent response of CdS, Pt-CdS-PR and Pt-CdS-500, as well as (f) 

photocatalytic hydrogen production mechanism. Reproduced from ref.134 

Furthermore, certain alternative non-novel metal materials can also exhibit equal or superior 

strengthening effects compared to novel metal. As reported in Leiôs work, they used noble-metal-

free metallic MoC to improve photocatalytic activity of CdS.135 The whole preparation process 

was displayed in Figure 28a. CdS was produced by hydrothermal strategy firstly and then deployed 

synthesised MoC was combined to CdS with a facile physical mixing method, this coexisted 

structure was proved by crystal fringes of CdS and MoC that exhibited in Figure 28b. Form UV-

Vis diffusion reflectance spectra of all prepared samples (Figure 28c), it could be found that MoC 

could improve the light response ability of pure CdS. In addition, MoC has no obvious light 

absorption boundary from 300-800 nm, which means MoC is not a typical photocatalytic 

semiconductor material. The effect of enhanced light absorption that manifests in the performance 

of hydrogen production is the performance of splitting water into hydrogen of 5 wt% MoC 

decorated CdS (224.5 ɛmolĿh-1) is 7.5 times more than pristine CdS (29.8 ɛmolĿh-1), which was 

also higher than novel metal Pt loaded CdS. Combining DFT theoretical calculation and 

experimental results, they proposed that the photoinduced electrons produced in CdS under 

illumination were rapidly transferred to the surface of non-novel metal cocatalyst MoC through 

the interface between these two materials, which effectively inhibited the recombination of 

electrons and holes. The active electrons transferred to the surface of MoC reduced the surface-

adsorbed water molecules to hydrogen gas eventually. 
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Figure 28. (a) Synthesis process of CdS/MoC nanohybrids catalyst, (b) TEM and HRTEM 

images of CdS/MoC, (c) UVïVis diffusion reflectance spectra of all prepared catalysts, (d) 

hydrogen production activity of MoC, pure CdS, CdS/Pt and CdS/MoC, (e) photocatalytic 

mechanism over CdS/MoC. Reproduced from ref.135 
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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 and low-value 

lignin into high-value chemicals at the same time, this would greatly 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, but also leads to the removal of functional groups from the lignin conversion 

species in a high-temperature environment, which reduces the value of the conversion products. A 

more gentle reaction condition and a better selective photocatalytic technology during the catalytic 

process, which exhibites enormous potential in the production of hydrogen and the lignin 

conversion. Nevertheless, there still has several challenges before the realization of hydrogen 

producton and lignin conversion under the photocatalysis, which 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 themselves. 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 production processes, 

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 catalysts to break 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, there are still significant 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 water, 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 

homojunction and heterojunction structure. The evaluation of photocatalytic activity based on 

hydrogen production and lignin photoconversion performance. A series of characterization 

strategies such as X-ray diffraction, gas chromotography, mas chromotography and so forth were 

employed to analyze and clarify the relationship between the modification methods and enhanced 

performance, reasonable conversion 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 a one-pot 

solvothermal method using cadmium acetate and thioacetamide 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 

photoconversion of cadmium sulfide. 

2. Deploying solvothermal and high-temperature phosphorization methods to load nickel 

phosphide on the surface of cubic phase cadmium sulfide. The ability of the photocatalyst 

to upgrade raw biomass into high-value chemicals and produce hydrogen were investigated, 

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 

3.1 Introduction 

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.136 Traditionally, H2 energy is obtained from water electrolysis or fossil fuels 

such as coal by conversion/gasification techniques.137 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).138  

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, solar-driven hydrogen production 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 toxicity of these additives. From this aspect, biomass with 

abundant reducible groups such as hydroxyl group and unsaturated bonds is theoretically feasible 

to improve photocatalytic efficiency for hydrogen production as the electron donor. Up to now, 

cellulose and/or hemicellulose photoconversion for hydrogen production has widely been 

investigated.88, 139 However, due to the complex compound and structure as well as the competition 

for light absorption, using lignin to produce H2 is rarely reported, although lignin is reproducible, 

carbon neutral and without the timescales of fossilization.140-142 Kraft lignin is in enriched from 

chemical pulping process, the production rate is around 78 million tons per year.143 Kraft lignin is 

the natural and ideal source to produce aromatic compounds and jet fuels. It could be foreseen that 

lignin photoconversion to produce hydrogen, value-added chemicals or fuels simultaneously will 

hold great potential from 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 visible-light responsible photocatalyst that has been 
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investigated for lignocellulose photoconversion to 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 photocatalytic performance 

of CdS, constructing charge transfer channels by forming heterojunctions has been extensively 

investigated. For example, noble metals (Pt, Au, etc.) with high working function were decorated 

onto the surface of CdS to form Schottky junction to improve photocatalytic hydrogen.144-146 

Combining with other semiconductors such as TiO2,
146 g-C3N4,

147 and MoS2
148 to form type-II, Z- 

or S-scheme is another common strategy to boost photocatalytic activity. However, the 

mismatching in lattice of heterojunction structured catalysts greatly increases 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 lattice matching can eliminate the interfacial impedance and 

then facilitate the transfer between electrons and holes.149-151 Cubic zinc-blende (ZB) phase and 

hexagonal wurtzite (WZ) phase are the common crystal structures of II-VI semiconductors, 

Oriented preparation of CdS with ZB and WZ homojunction can spontaneously realize the spatial 

separation of photogenerated electrons and holes, theoretically boosting photocatalytic activity for 

both hydrogen production and kraft lignin valorization. 

Therefore, we developed a one-pot method (Figure 29), to facilely regulate the crystal phase of 

CdS. With a different time of hydrothermal reaction, 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 of ZB-WZ homojunction and sulfur vacancies, the mixed phase CdS (MCS) exhibited 

excellent activity for simultaneously producing H2 (835.8 ɛmolĿg
-1h-1) and phenolic compounds 

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

reason that mixed phase CdS possessed better photocatalytic performance.   
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Figure 29. The process of the one-pot method to synthesize mixed and pure phases CdS. 

3.2 Experimental section  

3.2.1 Materials  

Cadmium diacetate dihydrate (Cd(CH3COO)2·2H2O), thioacetamide (TAA), sodium hydroxide 

(NaOH), ethylenediamine (EDA) are analytic grade and purchased from Sigma-Aldrich without 

further purification.  

3.2.2 Synthesis of catalysts  

All zinc-blade (ZB), wurtzite (WZ) and mixed (M) phase CdS were synthesized by the one-pot 

solvothermal strategy with different heating times. Specifically, 1.98 mmol of 

Cd(CH3COO)2·2H2O was added into a mixture solution that contained 12 M NaOH and EDA 

(VNaOH : VEDA=5 : 1) with 30 minutes of intensive stirring. 2.39 mmol of TAA was added under 

continuous stirring until all particles are completely dissolved. The solution was transferred into a 

100 ml Teflon-lined autoclave and maintained at 180  with different heating time and then 

naturally cooled to room temperature. For zinc-blende 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 sample was collected via centrifuging, washing with DI water and 

methanol several times, and drying at 60  overnight finally. 

3.2.3 Characterization of material  

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

1% Pt was loaded on the surface of prepared catalysts by the photo-deposited 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 min. The 

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 gas chromatography 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 then transferred into a 20 ml glass vial. Following, placing the glass 

vial 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 

prepared catalyst with 5 wt% Nafion solution), a Pt plate and an Ag/AgCl (saturated in KCl) 

electrodes were selected as the counter electrode and the reference electrode respectively. Then 

the photoelectrochemical property was measured by the electrochemical workstation (CHI 760E) 

with a standard three-electrode system, 0.5 M Na2SO4 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 in the liquid by using a 0.22ɛm filter membrane and collect 

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 

nitrogen gas to 3 ml, and take 1.5 mL for testing. The GC-MS is an Agilent system (model number 

890B GC and 5977 MS), oven temperature is 280  and column is 19091S-433UI (Agilent HP-

5ms Ultra Inert Columns). 
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3.3 Results and discussions 

3.3.1 Morphology and crystal structure  

Polycrystalline X-ray diffraction (XRD) pattern of prepared samples were employed to investigate 

the crystal structures and constitutions of prepared samples. As shown in Figure 30a, as expected, 

ZBCS and WZCS samples showed characteristic diffraction peaks with standard zinc-blende phase 

and wurtzite phase respectively.152-154 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 scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The nano prisms that were decorated by nanoparticles could be 

clearly observed (Figure 30b and 30c). The high-resolution transmission electron microscopy 

(HRTEM) (Figure 30d) proved that nano prism and nanoparticle were hexagonal wurtzite CdS and 

cubic zinc-blende CdS, respectively.155, 156 According to relative research,157 the dissolution and 

recrystallization process corresponds to the crystal transformation from ZBCS to WZCS. The 

initially formed ZBCS nanoparticles dissolved under the hydrothermal condition, and then 

transformed into nano prism structured WZCS through a recrystallization process (Figure S36). 

This process would be repeated until almost all nanoparticles were converted into nano prisms. 

Corresponded N2 adsorption-desorption isotherms and pore size distribution results were displayed 

in Figure S37. All samples showed classic Type IV isotherm curves indicating the presence of 

mesoporous structure.158, 159 MCS (77.14 m2·g-1) had the largest specific surface area than ZBCS 

(45.74 m2·g-1) and WZCS (62.09 m2·g-1), which could provide more active sites for photocatalytic 

reaction. In addition, compared with MCS and WZCS, ZBCS displayed a larger H3 

adsorptionīdesorption hysteresis loop from 0.8 to 1.0, suggesting the pore structure was caused 

by stacked nanoparticles, which was consistent with the SEM result of ZBCS (Figure S36a).160  
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Figure 30. (a) XRD patterns of ZBCS, MCS and WZCS with the standard patterns of wurtzite 

and zinc-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 (XPS). In Cd 3d spectra (Figure 31a), the characteristic peaks at 

around 412 and 405 eV were attributed to Cd 3d3/2 and Cd 3d5/2 of Cd2+.161, 162 For S 2p spectra 

(Figure 31b), it was deconvoluted into two separate peaks at around 163 and 161.5 eV, which were 

assigned to S 2p1/2 and S 2p3/2 signals.163, 164 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 homojunction.165 To prove the above 

hypothesis, electron spin resonance (ESR) was performed. As shown in Figure 31c, ZBCS, MCS 

and WZCS displayed resonance signals at g = 2.003, which was generated by the presence of sulfur 

vacancy.166, 167 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 samples was revealed by UV-vis diffuse reflectance spectra from 300 to 800 

nm was also employed. All obtained samples showed light absorbance on visible-light region in 

Figure 31d. Compared with the absorption edge of ZBCS (545 nm) and WZCS (554 nm), MCS 
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possessed a better visible-light response ability on 577 nm. In addition, MCS showed a absorption 

around near-infrared region (more than 700 nm), it was higher than ZBCS that could be attributed 

to the interface effects within homogeneous structures bolstered the light absorption capacity.168 

According to the UV-vis absorbance spectrum, the band gap energy of samples could be calculated 

and displayed on the inset of Figure 31d. 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 electrons.169 As a consequence, mixing zinc-blade phase with wurtzite phase could 

optimize the photoelectric properties of CdS.116 In order to facilitate the follow-up study of charges 

and holes transfer pathway, XPS-VB 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. Obviously, combining UV-vis result with VB XPS spectroscopies (Figure 31e), 

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 Figure 31f. Compared with ZBCS and WZCS, valence and conduction band potential 

of MCS were more suitable for splitting water into hydrogen. 

 
Figure 31. (a) Cd 3d and (b) S 2p XPS spectra, (c) ESR spectra, (d) UV-vis light 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 

The H2 production capacity of prepared samples was tested and shown in Figure 32a. For MCS, it 

presented the highest hydrogen production rate about 835.8 ɛmolĿg-1·h-1 than ZBCS (181.42 
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ɛmolĿg-1·h-1) and WZCS (323.2 ɛmolĿg-1·h-1) meant mixed phase could improve H2 production 

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 heat that played in the hydrogen evolution process. As shown in 

Figure S38a, hydrogen production was dominated by the photocatalysis process and only trace 

amounts of hydrogen can be detected under thermal catalysis. However, combining photo and 

thermal catalysis, hydrogen evolution sharply increased which was about two times more than pure 

photocatalysis. It can be inferred that throughout the photocatalytic process, the temperature 

increase could facilitate the generation of photocatalytic hydrogen. In addition, current research 

on lignin based substrates associated photocatalytic hydrogen production were collected and 

showed in Table S5, 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 with UV-vis absorbance 

spectrum pattern (Figure 32b). The recycling test of MCS was also investigated to reveal the 

stability of MCS and presented in Figure 32c. After 5 cycles, the hydrogen production rate 

presented a little bit down, which might be ascribed to the loss of catalyst after every recycling 

test. Meanwhile, the crystal structure of MCS was also investigated to probe the revelation. As 

shown in Figure S38b, the crystalline phase of MCS revealed a decline in its strength as compared 

to its initial state, with the exception of the peak at 26.4°after 5 cyclings photocatalytic reaction 

test, which meant the fraction of catalyst was devastated. Referring to related literature, the primary 

reason for the decrease in hydrogen production performance was due to the phenomenon of 

photocorrosion of cadmium sulfide.170 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 S38c, MCS showed an ignored hydrogen production rate of 

about 34.56 ɛmolĿg-1h-1, which verified kraft lignin was important for a high H2 production 

capacity of MCS. In order to explore the reason for the highest H2 production ability from kraft 

lignin over MCS, relative measurements were applied. For the photocurrent response test (Figure 

32d), all samples showed response under light irradiation. The intensity of photocurrent responses 

could correspond well to the H2 production performance, which demonstrated mixed phase could 

significantly enhance the separation efficiency between photogenerated charges and holes. PL 

emission and time-resolved PL spectrums furtherly proved this conclusion. In Figure 32e, all 
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samples manifested the absorption peak at around 600 nm and MCS showed the lowest 

fluorescence intensity than ZBCS and WZCS, which meant great separation of photoinduced 

carriers in MCS.171 With respect to Figure. 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 homojunction was proved to be an effective method to improve charge 

carriersô separation efficiency. 

 
Figure 32. (a) Hydrogen evolution, (b) UV-vis absorbance spectrum, (c) band gap energy, (d) 

photocurrent curve (e) PL emission spectra and (f) time-resolved PL spectra of ZBCS, MCS and 

WZCS. 

Figure 33 displayed the electrochemical characteristics of all samples. Electrochemical impedance 

spectra (EIS) showed that MCS had a smaller diameter (Figure 33a), which proved constructing 

two phases could accelerate the charge-transfer speed of CdS.39 Cyclic voltammetry curve (CV) 

was measured to reveal the positioning of the reduction and oxidation potentials. As shown in 

Figure 33b, all samples exhibited separated redox peaks with different levels under a scan rate of 

10 mV/s, MCS showed the largest current compared with ZBCS and WZCS, namely, MCS 

possessed higher electron cloud density that was caused by more efficient shuttling of the 

electrons.172 It can be seen from Linear Sweep Voltammetry (LSV) results (Figure 33c) that MCS 

presented the smallest onset overpotential than ZBCS and WZCS samples at -10 mA/cm2. It 

suggested that the construction of mixed phases in CdS could enhance proton reduction ability, 

which was consistent with the hydrogen evolution result (Figure 32a). Therefore, based on above 

test results, a conclusion could be drawn that the homojunction structure could obviously optimize 
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the separation rate of photogenerated carriers and electron-transfer speed, as a consequence, H2 

production ability exhibited an obvious enhancement than pure phase CdS under light irradiation. 

 
Figure 33. (a) Electrochemical impedance spectra (EIS), (b) cyclic voltammetry curve (CV) and 

(c) Linear Sweep Voltammetry (LSV) of ZBCS, MCS and WZCS. 

3.3.4 Liquid sample analysis 

In order to investigate the potential of MCS that converting low-value kraft lignin into high value-

added chemicals, the whole reaction was extended to 20 hours. Intuitively, the color of kraft lignin 

faded from dark brown to light brown after 20 h (inset picture of Figure 34a). A corresponding 

UV-vis absorbance spectrum was employed and shown in Figure 34a. It could be found that the 

absorbance peak of kraft lignin solution at 210 and 280 nm presented an obvious decline compared 

with fresh solution, which was attributed to the unsaturated chains or chromophoric group of lignin 

were decomposed.114, 119, 173 The liquid product was identified by Gas Chromatography Mass 

Spectrometry (GC-MS). Compared with Figure 34b and 34c, a stronger characteristic peak of 2,2'-

methylenebis[6-(1,1-dimethylethyl)-4-methyl-phenol was detected compared with standard 

GCMS spectrum (Figure S39), which meant MCS could convert kraft lignin into phenolic 

compounds. Moreover, the test result also revealed some alkanes could be produced such as decane 

and dodecane (Figure 34c, S40 and S41) after 20 h photocatalytic reaction. It was worth noting 

that the characteristic peak of 2,2'-methylenebis[6-(1,1-dimethylethyl)-4-methyl-phenol was 

detected before the photocatalytic reaction. According to Gan et al. research, kraft lignin could be 

depolymerized and activated into phenolic compounds under an alkaline medium.173 Therefore, a 

controlled experiment was applied 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 whether MCS was 

introduced. Compared with the initial GCMS result (Figure 34b), there was no distinctly increased 

content of phenolic compound in controlled experiment from Figure S42. Based on above results, 
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it can be proved that MCS played the key point in the conversion of kraft lignin rather than alkaline 

solvent.  

 
Figure 34. (a) UV-vis absorbance spectrum of Kraft lignin solvent before and after photocatalytic 

reaction. (Inset picture of (a) is corresponded solution color). (b) and (c) MC-MS signals for the 

products in liquid before and after photocatalytic reaction respectively. 

3.3.5 Mechanism 

According to above components analysis of gas and liquid, a feasible pathway for photocatalytic 

hydrogen production and kraft lignin conversion has been put forward and depicted in Figure 35. 

It has been observed that for pure phase CdS (wurtzite and zinc blende phases), the photoinduced 

electrons and holes tend to rapidly recombine, which significantly reduces their photocatalytic 

efficiency. However, homojunction-structured CdS with abundant sulfur vacancies acts as an 

effective conduit for photogenerated charges and holes. Specifically, electrons migrate from the 

conduction band of wurtzite phase CdS to the conduction band of zinc blende phase and then 

further transfer to Pt nanoparticles, while holes follow the opposite direction.149, 157 Consequently, 

hydrogen can be produced through the reaction between free electrons and H2O molecules. With 

regards to kraft lignin photoconversion, previous studies suggest a probable mechanism.74, 76, 98 

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) Free radicals with potent 

oxidizing properties, such as hydroxyl (ÅOH) and superoxide (O2
Å-) radicals, are generated and then 

react with the chemical bonds of kraft lignin to form aromatic compounds. 
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Figure 35. Possible mechanism of hydrogen production and kraft lignin photoconversion. 

3.4 Conclusion 

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

pot method, homojunction structure endows CdS with faster separation between photogenerated 

charges and holes, which contributes to a great hydrogen production capacity (835.8 ɛmolĿg-1h-1) 

from kraft lignin solution. In addition, kraft lignin could be converted into some high value-added 

chemicals such as alkanes and phenolic compounds 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 Ni2P/CdS Effective Enhancing Photocatalytic Hydrogen Production and 

Lignocellulosic Biomass Photoconversion 

4.1 Introduction  

With the aggravation of the energy crisis, the development and utilization of clean and sustainable 

energy have been extensively pursued. Hydrogen as an emission-free fuel plays an integral role in 

replacing fossil fuels as the next-generation energy carrier 89, 174, 175. 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 generation 176-178. However, the practical investigations are highly 

limited by the oxygen evolution reaction (OER) as it requires extremely high energy input and 

suffers from slow reaction kinetics due to the four-electron reaction pathway 179. Herein, sacrificial 

agents are always involved in the photocatalytic hydrogen production process as the electron donor 

to replace the slow OER process. The most widely used sacrificial agents including methanol, 

triethanolamine and Na2S/Na2SO3 somehow reduce the sustainability of photocatalytic hydrogen 

evolution as 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 groups such as hydroxyl and aldehyde 

could theoretically act as electron donors to achieve photocatalytic hydrogen production 61. Pioneer 

investigations have been demonstrated by Reisnerôs group about using different modified 

photocatalysts for hydrogen production via biomass photoconversion process which involves high 

alkalinity to destroy the intrinsic recalcitrance of lignocellulosic biomass 180. However, the lack of 

bifunctional photocatalysts makes biomass photoconversion only feasible for hydrogen production. 

The selective biomass photoconversion process with the co-production of hydrogen and value-

added chemicals holds more bright prospects and it also puts much high demands on the 

photocatalyst design 181. 

Cadmium sulfide (CdS) commonly used photocatalyst for hydrogen production because of the 

moderate bandgap (ca. Eg = 2.42 eV) and conduction band 182. Besides, CdS has been widely 

applied in biomass-related photocatalytic reactions due to the highly efficient bond breaking ability 

for C-O and C-C. Great challenge by using CdS for selective biomass photoconversion comes 
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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 regulations and morphology conctrol to improve the overall photocatalytic efficiency of CdS. 

Li  and co-workers showed that one-dimensional NiS/CdS nanocomposites could effectively 

generate hydrogen from mixed solution of  lactic acid and lignin under visible light irradiation. 

Nevertheless, hydrogen is the only product with high value in their research, as photogenerated 

holes with super oxidation capacity that caused by that was caused by the valance band position 

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

the advantage of biomass photoconversion 114. Wu realized the effective conversion of native 

lignin into aromatic monomers such as syringyl and guaiacyl-derived ketones by connecting 

organic alkyl ligands with CdS quantum dots 99.  

Cocatalyst loaded strategies are commonly used to improve the activity of photocatalytic 

semiconductors, which can boost the photocatalytic performance by effectively separating 

photoinduced charges and holes 183-185. Compared 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. Noble-metal cocatalysts such as Pt 186, Au 187, Ru 188 and so forth 

are proven to effectively enhance the fast migration of electrons, however, the cost of noble metals 

greatly limits their practical applications 189. The advent of non-noble metal cocatalyst, especially 

transition metal phosphides (TMPs), sheds light on this dilemma. CoP 190, Ni2P 191, Fe2P 192 and 

MoP 193 are typical representatives in photocatalysis related research due to numerous advantages 

such as light absorption enhancement, low overpotentials for H2 and great  194-196. Among TMPs, 

the low cost, metal-like characteristics, commercial availability and lower surface hydrogen 

binding energy enable Ni2P to stand out the leading role in the hydrogen production process. From 

the aspect of lignocellulosic biomass conversion, especially for lignin, the high surface and 

electron density of metal sites of Ni2P enable it to exhibit a remarkable hydrodeoxygenation 

property 197. Therefore, Ni2P is usually used to produce alkanes from lignin substrates 198. 

Nevertheless, this conversion process commonly occurs in thermal catalysis, high temperature and 

pressure reaction conditions are necessary to overcome the activation energy 199. Therefore, it is 

significant importance to render the catalytic conditions of biomass conversion milder while 

simultaneously preserving the high catalytic activity of Ni2P. 
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At present, in the research related to lignin conversion based on cadmium sulfide, hydrogen gas is 

the main product, and valuable photoconversion products 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 re-aggregates. In thermal catalysis, the hydrodeoxygenation ability of nickel 

phosphide can effectively protect the small molecular fragments after lignin depolymerization. 

This will be more conducive to the generation of high-value chemicals from lignin. Herein, we 

proposed a strategy (Scheme 1) to synthesize heterojunction-structured Ni2P/CdS to produce 

hydrogen and value-added compounds from lignocellulosic biomass. The introduced Ni2P 

obviously improved the light response ability and accelerated the separation between 

photogenerated electrons and holes. A bottom-up strategy was adopted to evaluate the 

photocatalytic activity of the as-fabricated composite. As a consequence, Ni2P/CdS displayed an 

unprecedented H2 evolution (199.1 mmol·h-1·g-1) in the presence of lactic acid as the traditional 

sacrificial agent. Considerable H2 generation was also achieved in the presence of lignin (ca. 322.8 

ɛmol·h-1·g-1), cellulose (ca. 531.4 ɛmolĿh-1·g-1) and hemicellulose (ca. 387.2 ɛmolĿh-1·g-1) as the 

sacrificial agent respectively. More importantly, the simultaneous production of H2 and 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 photoconversion to produce fuels and chemicals. 

 
Figure 36. The synthesis process of heterojunction-structured Ni2P/CdS. 

4.2 Experiment part 

4.2.1 Material 

Cadmium acetate dihydrate (Cd(CH3COO)2·2H2O), thioacetamide (TAA), ethanol, 

diethylenetriamine (DETA), nickel (II) acetate tetrahydrate (Ni(CH3COO)2·4H2O)), sodium 

hydroxide (NaOH) and sodium hypophosphite monohydrate (NaH2PO2·H2O) were purchased 

from Sigma-Aldrich. All chemicals are AR grade, There is no need to furtherly purify. 
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4.2.2 Synthesis CdS 

Cadmium sulfide was synthesized by the one-step solvothermal method. Briefly, 2 mmol and 10 

mmol of Cd(CH3COO)2·2H2O and TAA were dispersed into the mixture, which included DETA 

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

of the slurry into an autoclave reactor (100 ml) with a poly-(tetrafluoroethylene) (Teflon)-lined 

and heated at 80  for 48 h. When the autoclave reactor 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 was dried at 60  

overnight. 

4.2.3 Loading different amounts of Ni2P on CdS 

200 mg prepared CdS and a certain amount of Ni(CH3COO)2·4H2O 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 a mixed solution with the ratio of Ni : OH at 1:2 and stirred for another 

1 h. Following that, the above mixture was filtered through a 0.22 ɛm membrane and washed with 

methanol several times simultaneously. the powder that dried naturally was collected and ground 

with NaH2PO2·H2O until well mixed. The next step, transferring the above mixed powder into a 

quartz boat and heating at 300  for 4h under an Argon atmosphere, the heating rate is 2 /minute. 

Quantitative Ni2P that loaded on the surface of CdS was prepared and named as X NC. X means a 

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

4.2.4 Photocatalytic H2 production from water  

The photocatalytic activity was tested in a closed glass vial (20 ml). In detail, 10 mg 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 selected as the light 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 a thermal 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 photoconversion. 

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 Xenon lamp. Gas product was 

analysed by GC (Clarus 590, PerkinElmer, Inc., United States), in addition, liquid sample after 5 

h irradiation was also sampled and detected on Gas Chromatography-Mass Spectrometer (GC-MS, 

Agilent 7890B GC, 5977 MS, United States). For the rest substrate, the test procedure is identical 

except for the need to replace the substrate. 

4.2.6 Characterization details 

The crystal structure was carried out by powder X-ray diffraction (XRD, D8 ADVANCE, United 

States) that utilizes Cu anode X-ray tube (ɚ = 1.54056 ¡) and the scanned rate was 0.05Á/s in the 

2ɗ range of 20-80°. The morphology data was collected by scanning electron microscope (SEM, 

Hitachi S-4800, Japan) and transmission electron microscopy (TEM, JEOL JEM 2100 F, Japan). 

The specific surface area and distribution of pores were calculated by Brunauer-Emmett-Teller 

(BET) and Nitrogen adsorption-desorption isotherms (Barret-Joyner-Halenda), respectively. The 

light response performance of catalysts was recorded on Ultraviolet-visible spectroscopy (UV-vis, 

Lambda 365, PerkinElmer Inc., United States) with the range from 200-800 nm. The elemental 

composition and chemical state of prepared photocatalysts were investigated by X-ray 

photoelectron spectroscopy (XPS, Thermo Fisher, Escalab 250Xi, United States). 

Photoluminescence (PL) and time-resolved photoluminescence (TR-PL) spectrum were measured 

via PerkinElmer (LS-55, United States) and Edinburgh Instrument (FLS920, United Kingdom). 

The electron paramagnetic resonance (EPR) spectra was used to invest the state of electrons by 

JESJES -X320. Electron spin-resonance (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 dispersed into 1 ml Nafion solution 

and treated with sonication for 10 min. After that, 20 ɛL suspension was transferred on the surface 

of FTO glass that should be thoroughly rinsed by ethanol and acetone, drying the electrode at room 

temperature subsequently. Utilizing an electrochemical workstation (CHI 760E, CH Instruments 

Ins., United States) with a standard three-electrode cell, among these electrodes, as-prepared FTO 

glass with the catalyst film was working electrode. In addition, 0.5 M Na2SO4 aqueous 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, in the case of thermal catalysis, the entire reaction was 

conducted in 80 (kraft lignin) and 50 ÁC (Ŭ-cellulose and hemicellulose) oil bath under shaded 

conditions. For photocatalysis, cold air was used to maintain the temperature of the reaction 

solution at around 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 an X-ray powder diffractometer 

and shown in Figure 37a. All samples exhibited obvious diffraction peaks located at 24.8°, 26.5°, 

28.1°,  43.6°, 47.8° and 51.8°, which could be attributed to (110), (002), (101), (110), (103) and 

(112) lattice planes of cubic phase CdS (JCPDS: 10-0454), respectively 200. In addition, the 

intensity of each diffraction peak remained unchanged, indicating loading Ni2P did not disrupt the 

original crystal structure of CdS. Noticeably, none of prepared NC samples displayed the 

characteristic peak of Ni2P (JCPDS: 03-0953), which was likely caused by great dispersion or low 

actual loading content of Ni2P 201. N2 adsorption-desorption measurements were conducted to 
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investigate the effect of introduced Ni2P on the specific surface area and pour volume of CdS and 

results were presented in Figure 37b and Table S7. The specific surface area of pure CdS was 

about 11.2 m2·g-1. When the amount of Ni2P increased, the surface area reached to the maximum 

67.9 m2·g-1. As a consequence, the pore volume of CdS also exhibited the same trend, which 

tentatively demonstrated the strategy that introducing Ni2P on the surface of CdS would affect the 

original morphology of CdS. Therefore, it was necessary to identify the relation between 

morphology of CdS and amount of Ni2P added. As shown in Figure 37c 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 surface area and pore volume. Comparing the 

SEM image of 5% NC with the rest different amounts of Ni2P modified CdS (Figure S51), it was 

evident that a moderate amount of Ni2P endowed CdS with hierarchically porous structure. 

Nevertheless, excessive Ni2P destroyed the porous structure as displayed in Figure S51d. Since no 

characteristic peak could be used to determine the presence of Ni2P from XRD spectrum, high 

resolution transmission electron microscopy (HRTEM) was conducted to determine the existence 

of Ni2P and the result was shown in Figure 37e. (311) and (310) crystal planes were found in 

prepared 5% NC sample that could be assigned to Ni2P 202. Therefore, Ni2P was successfully 

loaded on the surface of CdS.  

 
Figure 37. (a) X-Ray diffraction (XRD) patterns of pure CdS and different loading amount Ni2P 

of CdS, (b) N2 adsorption-desorption 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 (XPS) measurements were further applied to investigate the 

surface chemical state of all prepared catalysts. For pristine CdS, as depicted in Figure 38a, two 
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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 3d5/2 and 3d3/2 spin orbits 203, 204. In Figure 38b, the binding energies were located at 

160.7 and 161.8 eV that corresponded to S 2p3/2, and S 2p1/2, respectively 205, 206. However, the 

binding energies of  Cd 3d and S 2p exhibited an obvious shift from the low to the high position 

after introducing Ni2P into CdS as shown in Figure 38a and b, Figure S52a and b. The change of 

binding energy revealed the charges redistribution and transfer from CdS to Ni2P in 5% NC 207. 

Figure 38c and 38d displayed the high-magnification XPS spectra of Ni 2p and P 2p, respectively. 

The Ni 2p spectra was composed of four peaks at ca. 856.7, 874. 4, 861.7 and 879.1 eV, where the 

first two peaks were related to Ni2+, the rest were assigned to the satellite of Ni 2p3/2 
208, 209. For P 

2p spectrum, the characteristic peak at 133.4eV corresponded to P 2p1/2 
210, 211. In addition, there 

was no obvious characteristic peak could be detected in the Ni 2p XPS spectra of 1% NC (Figure 

S52c), which might be attributed to the low Ni content. Based on aforementioned characterization 

results, it can be inferred that Ni2P was synthesized and loaded onto the CdS surface, thus creating 

a strong interfacial effect between CdS and Ni2P, which significantly enhanced the electron 

migration 212-214. The light absorbance of catalysts plays a crucial role in the photocatalytic process. 

In this regard, UV-vis diffuse reflectance spectroscopy (DRS) was employed to investigate the 

light absorbance behavior of CdS catalysts modified with different amounts of Ni2P. The 

corresponding results are illustrated in Figure 38e. The pristine CdS exhibited an absorption edge 

at around 550 nm. With increasing Ni2P content, a significant shift from around 550 to 625 nm in 

the absorption edge of CdS was observed. This shift suggested that Ni2P can effectively enhance 

the response of CdS to solar light. Besides, the presence of Ni2P significantly improved the light 

absorbance in the whole visible light region. Therefore, modifying CdS with Ni2P could enhance 

its performance of splitting water into hydrogen under solar light irradiation. 
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Figure 38. 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 diffuse reflectance spectra (DRS) and (f) corresponding plot of transformed Kubelkaï

Munk function vs. the energy of light of prepared photocatalysts. 

4.3.2 Photocatalytic H2 production. 

To demonstrate the photocatalytic hydrogen production of the as-fabricated catalysts compared to 

state-of-the-art activity from literature, lactic acid as the traditional sacrificial agent for sulfur-

based photocatalysts was first used as a substrate for hydrogen evolution (Figure 39a). It could be 

observed that H2 production rate was accelerated with the increase of the content of Ni2P, 5% NC 

exhibited the highest hydrogen evolution rate up to ca. 199.7 mmol·h-1·g-1, which was 6-folder 

higher compared to pristine CdS (32.5 mmol·h-1·g-1). The 5% NC holds a significant promotion in 

hydrogen generation compared to the literature (Table S8). However, the activity decreased 

significantly for 7% NC, possibly due to the excessive Ni2P growth on the surface of CdS that 

undermined the number of active sites of CdS. Additionally, the redundant Ni2P might act as 

recombination sites of photoinduced electrons and holes. Further, deploying various discrete 

wavelengths (450, 500 and 550 nm) to assess the photocatalytic efficiency of prepared catalysts, 

which was represented by AQY. In Figure S53, 5% NC showed the highest AQY of approximately 

5.3% at 450 nm and the H2 evolution rate is 1.5 mmol·h-1·g-1. The stability of catalysts is another 

significant factor during the photocatalytic process. As shown in Figure 39b, after 6 runs, 5% NC 

expressed a slight decrease via the long-time irradiation, which proved that 5% NC possessed great 

durability for photocorrosion resistance. The reason for the slight decrease in performance might 

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 characteristic diffraction 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 damaged 215. Furthermore, XPS was also carried 

out to further verify this conclusion. Form Fig. S54b, no S0 peak was detected in the XPS spectrum 

S 2p that meant 5% NC possessed great ability for resisting the photocorresion 216. Before assessing 

the hydrogen production ability of prepared samples from raw biomass, three main components, 

kraft lignin, Ŭ-cellulose and hemicellulose were applied as a probe. As shown in Figure 39c, it 

could be found that introduced Ni2P obviously heightened the hydrogen evolution of CdS, 5% NC 

exhibited the highest performance in kraft lignin solution. However, once the proportion of Ni2P 

exceeded 5%, it exhibited a sharp decline that might be attributed to excess Ni2P that loaded on 

the surface of CdS reduced the light absorption capacity of CdS. Meanwhile, contrast experiments 

were carried out to explore the role of solution played in hydrogen production. It can be observed 

that a certain amount of hydrogen (ca. 80.3 ɛmolĿh-1·g-1) was generated from a pure alkaline 

solution. However, compared with the result of adding kraft lignin, it was about a quarter of the 

hydrogen evolution rate (ca. 322.8 ɛmolĿh-1·g-1) with kraft lignin, which proved that 5% NC can 

effectively utilize the introduced kraft lignin to increase hydrogen production. The hydrogen 

production of 5% NC was further evaluated by using Ŭ-cellulose and hemicellulose as substrates 

respectively. As displayed in Figure 39c, Ni2P makes a great contribution to improving the H2 

evolution rate in different substrate solutions to a different degree and 5% NC still exhibited the 

highest performance, which was higher than the hydrogen evolution performance of Chapter 3 

(there was undetected hydrogen production within 1M NaOH solution). Therefore, a conclusion 

can be drawn that the heterostructure of Ni2P/CdS 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 temperature, which might be caused by the color of the solution. Therefore, photocatalysis 

and thermocatalysis were employed independently to figure out the leading role in the hydrogen 

production process. From Fig. S55, it could be proved that photocatalysis takes the 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 hydrogen over raw biomass was eventually 
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carried on 5% NC. As shown in Figure 39d, a considerable amount of hydrogen could be generated 

from three common raw biomass such as birch (813.6 ɛmolĿh-1·g-1), straw (622.5 ɛmolĿh-1·g-1) 

and polar leaf powder (203.2 ɛmol·h-1·g-1).  

 
Figure 39. (a) H2 evolution rate of prepared catalysts with lactic acid of all prepared samples, (b) 

stability hydrogen evolution test of 5% NC, (c) H2 evolution rates with kraft lignin, Ŭ-cellulose 

and hemicellulose and (d) the hydrogen release rate of 5% NC with different raw lignocellulosic 

biomass. Note: Three repeat experiments underlying error estimates. 
 

4.3.3 Kraft lignin and raw lignocellulosic biomass photoconversion. 

In addition to the hydrogen generation, the production of value-added compounds from lignin is 

also an important area of research to evaluate the photocatalytic activity of catalysts. Interestingly, 

an intriguing phenomenon whereby the color of the kraft lignin solution faded was observed as 

shown in the inset of Figure 40a. Consequently, UV-Vis 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 to light brown after 12 hours, and significant attenuation of ultraviolet light 

absorption intensity was observed near 250 and 280 nm, which suggested that chromophoric 



68 
 

groups of kraft lignin were degraded 217, which was also consistent with our previous research 

finding 218. Subsequently, 1H NMR was employed to investigate the possible transformation 

products of lignin after photocatalytic reactions. From Figure 40b it could be found that there were 

few new peaks appeared compared to the before. By comparison with the 1H NMR spectra of 

certain substances, these peaks in I, II and III were initially identified as alkanes (I area) and 

vanillin (II and III areas) based on the molecular structure of lignin. To further confirm the lignin 

photoconversion capacity of 5% NC, the liquid sample of kraft lignin and other three raw biomass 

were analysed by gas chromatography-mass spectrometry (GC-MS), which were exhibited in 

Figure 40c and S56.  It could be found that alkanes such as decane, dodecane and tetradecane 

(Figure 40c) were generated from kraft lignin, which could be used as liquid fuels, especially, 

dodecane is considered a second-generation fuel. Additionally, vanillin that could be used as a 

flavouring in foods and cosmetics and pharmaceuticals was detected 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 photoconversion samples 

(Figure S56). Traditionally, the 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 compounds 219, 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 

conversion lignin through photocatalysis would be a more sustainable and gentle approach, which 

has attracted huge scholars 7, 82, 221, GC-MS results from this research also support this assertion. 

 
Figure 40. (a) UV-Vis diffuse reflectance spectra (DRS) and (b) H NMR spectrum of kraft lignin 

solution before and after photoconversion, (c) gas chromatograph-mass spectrum (GC-MS) 

results of kraft lignin photoconversion over 5% NC. Note:14-methoxy-3-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 series of photoelectric property 

tests such as photocurrent response and electrochemical impedance spectra (EIS) were carried out 

to illustrate the relation between constructed interfacial effect with photogenerated carriersô 

separation efficiency. As shown in Figure 41a, all prepared catalysts showed the photocurrent 

density change when the light was on and the improvement of photocurrent intensity of CdS varied 

with the amount of introduced Ni2P. 5% NC displayed the strongest photocurrent density than the 

rest. It can be deduced that introduced Ni2P could effectively facilitate the separation between 

photoexcited electrons and holes 222. As for the slight attenuation of signal intensity that might be 

related to the spalling of the catalyst from FTO glass. Subsequently, the electron transfer ability of 

synthesized catalysts was analyzed by electrochemical impedance spectroscopy (EIS), whereby 

the smaller the semicircle radius plot indicates the faster the charge transfer 223. As illustrated in 

Figure 41b, 5% NC possessed the smallest semicircle radius, which proved the highest charge 

migration ability of 5% NC. Moreover, the photoluminescence (PL) and time-resolved 

photoluminescence (TRPL) spectroscopies were applied to make a further analysis for the 

separation efficiency of photoexcited carriers. From Figure 41c, it could be found that 5% NC 

showed the weakest fluorescence intensity around 550 nm compared with pristine and different 

amount of Ni2P modified CdS. A high emission spectra intensity indicates the fast recombination 

rate of photogenerated electrons and holes 224, therefore, an effective restriction for recombination 

of photoinduced carriers was achieved in 5% NC. which could be further revealed by time-resolved 

photoluminescence (TRPL) results. As shown in Figure 41d, the average lifetimes for pure CdS, 

1% NC, 3% NC, 5% NC and 7% NC were 0.91, 1.21, 1.32, 1.34 and 1.24ns, respectively. Longer 

lifetime of charges suggests lower recombination of photogenerated carriers 225. Based on above 

analysis, a moderate amount of Ni2P could 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 production performance (Figure 39a). Various radicals 

can be generated during the photocatalytic process ascribed to the photogenerated electrons and 

holes. Therefore, a spin-trapping ESR was carried out to reveal the possible mechanism in 

enhanced hydrogen evolution performance and biomass conversion. First of all, 2,2,6,6-
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tetramethylpiperidine-1-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 reference. The 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 concentration of e- or h+ 226. In Figure 41e and f, the TEMPO 

signal intensity of both e- and h+ were remarkably weakened in the case of 5% NC compared with 

pristine CdS and other prepared catalysts (Figure S57a and b) after 5 minutes of illumination, 

which demonstrated 5% NC could produce the most active electrons and holes. Following, 

superoxide radical (ÅO2
Å ī) and hydroxyl radical (ÅOH) were evaluated by reagent 5,5-dimethyl-1-

pyrroline N-oxide (DMPO). It should be pointed out that as the DMPO itself could not be identified 

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 be generated 227. As 

shown in Figure 41g and h, 5% NC presented the strongest characteristic peak intensities (Figure 

S57c and d) for ÅO2
Å ī and ÅOH, which illustrated 5% NC could promote the formation of oxygen-

containing radicals effectively 228, 229.  

 
Figure 41. (a) Photocurrent response, (b) EIS Nyquist plots, (c) steady-state photoluminescence 

spectra (PL) and (d) time-resolved photoluminescence (TR-PL) of all prepared samples. ESR 

spectra of radical adducts signal of CdS and 5% NC that investigated by TEMPO for (e) 

electrons and (f) holes, as well as DMPO for (g) ÅO2
Å ī and (h) ÅOH. 

To understand the effect of constructing heterointerficial between CdS and Ni2P (5% NC), we 

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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accepted that the ȹGH* on the catalyst surface is an activity descriptor to evaluate the HER activity. 

The highest activity requires that the absolute value of ȹGH* should be close to the thermal neutral 

position (0) for the excellent HER activity 230. Figure 42a exhibits that the H* adsorption of S sites 

in CdS and 5% NC heterostructure is -1.37 and -1.19 eV, respectively. This implies that the 

conjunction between CdS and Ni2P could weaken 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 

heterostructure (Figure 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 0.66 e- arises from CdS to Ni2P at the interface based on 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 0 to 1, where 1 corresponds to 

perfect localization, 0.5 corresponds to the electron-gas-like pair probability, and 0 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 the interface 

of 5% NC heterostructure. Additionally, the partial density of states of S and H atoms shows that 

the p-band center was upshifted to a lower energy value (Figure 42e) with the electronic band 

structure modulation of CdS coupling with Ni2P, thereby lowering 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 the Ni2P 

and CdS surfaces is 4.64 and 6.99 eV, respectively. 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 Ni2P when the interface was coupled to each other, as a 

consequence 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. Therefore, Ni2P can 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 with Ni2P did balance the electronic structure, thus 

stimulating HER activity of 5% NC heterostructure.   
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Figure 42. (a) Gibbs free energy (G) change of HER processes of CdS and 5% NC. (b) The left 

and right side views of CdS and 5% NC as well as the adsorbed H* configuration. The pink, 

purple, gold, gray and green balls represent H, Cd, S, Ni and P atoms. (c) The charge density 

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

of states of S and 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. 

4.3.5 Photocatalytic mechanism 

Combining experimental results and theoretical simulation, a possible mechanism for hydrogen 

production and liquid products. As displayed in Figure 43, the poor energy band structure of CdS 

was optimized by moderate Ni2P, creating a strong interfacial effect between Ni2P and CdS, which 

significantly accelerated the transfer of 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 photogenerated e- and 

h+ could react with biomass model compounds such as cellulose and 2-phenoxy-1-phenylethanol 

(PP-ol) to generate glucose or phenolic compounds 88, 99, 231, or generate oxygen-containing 

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

alkanes 232. 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 involved in hydrogen evolution directly decompose biomass into value-added chemicals. 

(2) Remaining free electrons and holes react with dissolved oxygen and H2O molecules to form 

ÅO2
Å ī and ÅOH radicals, respectively, and then oxidize raw biomass into aromatic compounds and 

alkanes. 

 
Figure 43. The diagram on the proposed mechanism of hydrogen production and raw biomass 

photoconversion. 

4.4 Conclusions 

In summary, a bifunctional heterostructure of Ni2P and CdS has been successfully synthesized, 

demonstrating potent photocatalytic capabilities in hydrogen evolution and lignocellulosic 

biomass conversion. Specifically, the introduced Ni2P enhanced the hydrogen evolution rate from 

32.5 to 199.1 mmol·h-1·g-1, which was an increase of 6 times compared with pure CdS. The 

improved hydrogen production could be attributed to the formation of a terrific interfacial effect 

between Ni2P and CdS that optimized the transfer pathway of photoinduced electrons and holes, 

which was approved by 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 value-added chemicals production could be identified. Despite this work, we are still unable 

to comprehensively reveal the conversion mechanism of the chemicals obtained through the 

biomass photoconversion process, 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. Conclusion and Follow-up Studies 

To sum up, the goal of applying photocatalytic technology to produce hydrogen gas and convert 

raw biomass into value added chemicals was proved to be technically feasible.  

Initially, homojunction structure construction strategy was used to enhance the photocatalytic 

performance of CdS. Although, noble metal Pt furtherly heighten corresponding performance, 

whereas, high cost of noble metal set an barrier for promoting the dissemination of 

photoconversion in raw biomass. Secondly, the conversion of kraft lignin cannot fully represent 

the ability of photocatalysts to convert raw biomass.  

Therefore, we peoposed another approach to further improve CdS. Inspired by thermal catalysis 

that Ni2P exhibit the great hydrodeoxygenation property by the high surface and electron density 

of metal sites, thus it was selected to coup with CdS. Experimental results indicated that 

heterojuncture structured Ni2P/CdS displayed extraordinary photocatalytic activity for hydrogen 

evolution from raw biomass solution and  high value added compounds such as alkanes, aromatic 

were produced as well.  

For the part of follow-up studies, it can be seperated into two parts:  

Photocatalysis 

1. Optimizing the performance of photocatalytic materials through more rational strategies  

2. The size of the catalyst prepared should be reduced to the quantum dot level to facilitate 

the mass transfer between catalysts and biomass.  

3. Single photocatalysis suffers from the limited dynamics of biomass conversion. Therefore, 

hybrid systems, such as photo-electrocatalysis and photo-thermocatalysis, will  be the focus 

of consideration in the future research.  

Lignin  

1. A series of in-situ strategies should be systematically applied such as in-situ NMR/FT-IR 

techniques, corroborating these characterization results to exhibit an accurate lignin 

structure.  

2. More advanced in-situ or transient response characterization strategies will be considered 

for revealing the real lignin photoconversion process. 
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4771 (2018). 

89.  Su, H. et al. Mo-Doped/Ni-supported ZnIn2S4-wrapped NiMoO4 S-scheme heterojunction 

photocatalytic reforming of lignin into hydrogen. Green Chemistry 24, 2027-2035 (2022). 

90.  Singh, N. et al. Band gap engineering in solvochromic 2D covalent organic framework 

photocatalysts for visible light-driven enhanced solar fuel production from carbon dioxide. 

ACS Appl. Mater. Interfaces 13, 14122-14131 (2021). 

91.  Van Dao, D. et al. Plasmonically driven photocatalytic hydrogen evolution activity of a Pt-

functionalized Au@ CeO2 coreïshell catalyst under visible light. J. Mater. Chem. A 8, 7687-

7694 (2020). 

92.  Toe, C.Y. et al. Advancing photoreforming of organics: Highlights on photocatalyst and 

system designs for selective oxidation reactions. Energy Environ. Sci. 14, 1140-1175 (2021). 

93.  Koichi, K. et al. Photodecomposition of Kraft Lignin Catalyzed by Titanium Dioxide. Bull. 

Chem. Soc. Jpn. 62, 3433-3436 (1989). 



82 
 

94.  Qiu, J. et al. Photocatalytic conversion of sodium lignosulfonate into vanillin using 

mesoporous TiO2 derived from MIL-125. Microporous Mesoporous Mater. 319, 111043 

(2021). 

95.  Srisasiwimon, N. et al. TiO2/Lignin-Based Carbon Composited Photocatalysts for Enhanced 

Photocatalytic Conversion of Lignin to High Value Chemicals. ACS Sustain. Chem. Eng. 6, 

13968-13976 (2018). 

96.  Ahmad, K. et al. Optimal production of vanillin and 4-hydroxybenzaldehyde from rice straw 

hydrolysis residue (RSHR) over TiO2/UV and ZnO/UV system. J. Indian Chem. Soc. 99, 

100382 (2022). 

97.  Ragauskas, A.J. et al. Lignin Valorization: Improving Lignin Processing in the Biorefinery. 

Science 344, 1246843 (2014). 

98.  Yoo, H. et al. Enhancing Photocatalytic ɓ-O-4 Bond Cleavage in Lignin Model Compounds 

by Silver-Exchanged Cadmium Sulfide. ACS Catal. 10, 8465-8475 (2020). 

99.  Wu, X. et al. Ligand-Controlled Photocatalysis of CdS Quantum Dots for Lignin Valorization 

under Visible Light. ACS Catal. 9, 8443-8451 (2019). 

100.  Wang, J. et al. Polymeric carbon nitride-based photocatalysts for photoreforming of biomass 

derivatives. Green Chem. 23, 7435-7457 (2021). 

101.  Chen, Y. et al. Activation of nŪ * transitions in two-dimensional conjugated polymers for 

visible light photocatalysis. The Journal of Physical Chemistry C 118, 29981-29989 (2014). 

102.  Lan, H. et al. Microstructure of carbon nitride affecting synergetic photocatalytic activity: 

hydrogen bonds vs. structural defects. Appl. Catal., B 204, 49-57 (2017). 

103.  Liu, F. et al. Transfer channel of photoinduced holes on a TiO2 surface as revealed by solid-

state nuclear magnetic resonance and electron spin resonance spectroscopy. J. Am. Chem. Soc. 

139, 10020-10028 (2017). 

104.  Ku, C. et al. One-step fabrication of mesoporous sulfur-doped carbon nitride for highly 

selective photocatalytic transformation of native lignin to monophenolic compounds. Chin. 

Chem. Lett.   (2022). 

105.  Dou, Z. et al. Photocatalytic Upgrading of Lignin Oil to Diesel Precursors and Hydrogen. 

Angew. Chem. Int. Ed. 60, 16399-16403 (2021). 

106.  Wu, X. et al. Metal sulfide photocatalysts for lignocellulose valorization. Adv. Mater. 33, 

2007129 (2021). 



83 
 

107.  Zhao, H. et al. n-p Heterojunction of TiO2-NiO core-shell structure for efficient hydrogen 

generation and lignin photoreforming. Journal of Colloid and Interface Science 585, 694-704 

(2021). 

108.  Chu, Y.-M. et al. Photocatalytic Pretreatment of Commercial Lignin Using TiO2-ZnO 

Nanocomposite-Derived Advanced Oxidation Processes for Methane Production Synergy in 

Lab Scale Continuous Reactors. Catalysts 11, 54 (2021). 

109.  Mahdavi, M. et al. Visible light photocatalytic degradation and pretreatment of lignin using 

magnetic graphitic carbon nitride for enhancing methane production in anaerobic digestion. 

Fuel 318, 123600 (2022). 

110.  Yuan, T.-Q. et al. Structural Characterization of Lignin from Triploid of Populus tomentosa 

Carr. J. Agric. Food Chem. 59, 6605-6615 (2011). 

111.  Kausar, S. et al. Soft template-based bismuth doped zinc oxide nanocomposites for 

photocatalytic depolymerization of lignin. Inorg. Chim. Acta 502, 119390 (2020). 

112.  Sharma, S. et al. Promising photocatalytic degradation of lignin over carbon quantum dots 

decorated TiO2 nanocomposite in aqueous condition. Appl. Catal., A 602, 117730 (2020). 

113.  Song, L. et al. Synthesis of rare earth doped TiO2 nanorods as photocatalysts for lignin 

degradation. Nanoscale 7, 16695-16703 (2015). 

114.  Li, C. et al. Visible light driven hydrogen evolution by photocatalytic reforming of lignin 

and lactic acid using one-dimensional NiS/CdS nanostructures. Appl. Catal., B 227, 229-239 

(2018). 

115.  Kadam, S.R. et al. A green process for efficient lignin (biomass) degradation and hydrogen 

production via water splitting using nanostructured C, N, S-doped ZnO under solar light. RSC 

Adv. 4, 60626-60635 (2014). 

116.  Chen, J. et al. Photocatalytic Degradation of ɓ-O-4 Lignin Model Compound by In2S3 

Nanoparticles Under Visible Light Irradiation. Bioenergy Res. 11, 166-173 (2018). 

117.  Faleva, A.V. et al. Analysis of the functional group composition of the spruce and birch 

phloem lignin. Int. J. Biol. Macromol. 166, 913-922 (2021). 

118.  Ku, C. et al. One-step construction of mesoporous cyano and sulfur co-modified carbon 

nitride for photocatalytic valorization of lignin to functionalized aromatics. Appl. Surf. Sci. 592, 

153266 (2022). 



84 
 

119.  Zhang, S. et al. Converting lignin into long-chain fatty acids with the electro-Fenton reaction. 

GCB Bioenergy 13, 1290-1302 (2021). 

120.  Wang, S.Wang, X. Photocatalytic CO2 reduction by CdS promoted with a zeolitic 

imidazolate framework. Applied Catalysis B: Environmental 162, 494-500 (2015). 

121.  Jo, W.-K.Selvam, N.C.S. Z-scheme CdS/g-C3N4 composites with RGO as an electron 

mediator for efficient photocatalytic H2 production and pollutant degradation. Chemical 

Engineering Journal 317, 913-924 (2017). 

122.  Zhu, C. et al. Construction of CDs/CdS photocatalysts for stable and efficient hydrogen 

production in water and seawater. Applied Catalysis B: Environmental 242, 178-185 (2019). 

123.  Wu, J.-C. et al. Study of Native Defects and Transition-Metal (Mn, Fe, Co, and Ni) Doping 

in a Zinc-Blende CdS Photocatalyst by DFT and Hybrid DFT Calculations. The Journal of 

Physical Chemistry C 115, 5675-5682 (2011). 

124.  Aggarwal, N. et al. Investigation of room temperature ferromagnetic behaviour in dilute 

magnetic oxides. Integrated Ferroelectrics 186, 10-16 (2018). 

125.  Jang, J.S. et al. Solvothermal Synthesis of CdS Nanowires for Photocatalytic Hydrogen and 

Electricity Production. The Journal of Physical Chemistry C 111, 13280-13287 (2007). 

126.  Mohammed, A.D. et al. Synthesis of highly-confined CdS nanoparticles by copolymerization 

of acryloylated starch. Materials Letters 114, 63-67 (2014). 

127.  Ruan, D. et al. Exfoliated Mo2C nanosheets hybridized on CdS with fast electron transfer for 

efficient photocatalytic H2 production under visible light irradiation. Applied Catalysis B: 

Environmental 264, 118541 (2020). 

128.  Ning, X.Lu, G. Photocorrosion inhibition of CdS-based catalysts for photocatalytic overall 

water splitting. Nanoscale 12, 1213-1223 (2020). 

129.  Lu, C. et al. Hydrothermal synthesis of type II ZnIn2S4/BiPO4 heterojunction photocatalyst 

with dandelion-like microflower structure for enhanced photocatalytic degradation of 

tetracycline under simulated solar light. Journal of Alloys and Compounds 811, 151976 (2019). 

130.  Chen, C. et al. A novel Z-type multidimensional FeSe2/CuSe heterojunction photocatalyst 

with high photocatalytic and photoelectrochemical performance. International Journal of 

Hydrogen Energy 47, 28879-28893 (2022). 

131.  Liu, X. et al. 0D/2D NiS/CdS nanocomposite heterojunction photocatalyst with enhanced 

photocatalytic H2 evolution activity. Applied Surface Science 554, 149622 (2021). 



85 
 

132.  Yu, J. et al. Morphology-dependent photocatalytic H2-production activity of CdS. Applied 

Catalysis B: Environmental 156-157, 184-191 (2014). 

133.  Li, C. et al. Controlled synthesis of CdS micro/nano leaves with (0001) facets exposed: 

enhanced photocatalytic activity toward hydrogen evolution. Journal of Materials Chemistry 

22, 23815-23820 (2012). 

134.  Li, Y. et al. In situ thermal-assisted loading of monodispersed Pt nanoclusters on CdS 

nanoflowers for efficient photocatalytic hydrogen evolution. Applied Surface Science 506, 

144933 (2020). 

135.  Lei, Y. et al. Noble-metal-free metallic MoC combined with CdS for enhanced visible-light-

driven photocatalytic hydrogen evolution. Journal of Cleaner Production 322, 129018 (2021). 

136.  Yao, G. et al. In situ growing graphene on g-C3N4 with barrier-free interface and polarization 

electric field for strongly boosting solar energy conversion into H2 energy. Appl. Catal., B 287, 

119986 (2021). 

137.  Rao, C. et al. Visible Light-Driven Reforming of Lignocellulose into H2 by Intrinsic 

Monolayer Carbon Nitride. ACS Applied Materials & Interfaces 13, 44243-44253 (2021). 

138.  Sikarwar, V.S. et al. An overview of advances in biomass gasification. Energy Environ. Sci. 

9, 2939-2977 (2016). 

139.  Zhang, G. et al. Simultaneous cellulose conversion and hydrogen production assisted by 

cellulose decomposition under UV-light photocatalysis. Chem. Commun. 52, 1673-1676 

(2016). 

140.  Kuehnel, M.F.Reisner, E. Solar hydrogen generation from lignocellulose. Angew. Chem. Int. 

Ed. 57, 3290-3296 (2018). 

141.  Su, H. et al. Mo-Doped/Ni-supported ZnIn2S4-wrapped NiMoO4S-scheme heterojunction 

photocatalytic reforming of lignin into hydrogen. Green Chem. 24, 2027-2035 (2022). 

142.  Wang, P. et al. Solar Driven Lignocelluloseto H2 Conversion in Water using 2D2D 

MoS2/TiO2 Photocatalysts. ChemSusChem 14, 2860-2865 (2021). 

143.  Jardim, J.M. et al. Insights into the potential of hardwood kraft lignin to be a green platform 

material for emergence of the biorefinery. Polymers 12, 1795 (2020). 

144.  Agosti, A. et al. Photosynthetic H2 generation and organic transformations with CdSe@ 

CdS-Pt nanorods for highly efficient solar-to-chemical energy conversion. Nano Energy 70, 

104510 (2020). 



86 
 

145.  Ma, L. et al. Multi -interfacial plasmon coupling in multigap (Au/AgAu)@ CdS coreïshell 

hybrids for efficient photocatalytic hydrogen generation. Nanoscale 12, 4383-4392 (2020). 

146.  Liu, S. et al. Synthesis of one-dimensional CdS@ TiO2 coreïshell nanocomposites 

photocatalyst for selective redox: the dual role of TiO2 shell. ACS Appl. Mater. Interfaces 4, 

6378-6385 (2012). 

147.  Chen, P. et al. Porous double-shell CdS@ C3N4 octahedron derived by in situ supramolecular 

self-assembly for enhanced photocatalytic activity. Appl. Catal., B 252, 33-40 (2019). 

148.  Zhao, H. et al. MoS2/CdS rod-like nanocomposites as high-performance visible light 

photocatalyst for water splitting photocatalytic hydrogen production. Int. J. Hydrogen Energy 

47, 8247-8260 (2022). 

149.  Zhong, W. et al. Homojunction CdS photocatalysts with a massive S2ï-adsorbed surface 

phase: One-step facile synthesis and high H2-evolution performance. ACS Sustainable Chem. 

Eng. 8, 543-551 (2019). 

150.  Zhao, N. et al. Novel carboxy-functionalized PVP-CdS nanopopcorns with homojunctions 

for enhanced photocatalytic hydrogen evolution. Acta Phys. Chim. Sin. 38, 2004046 (2022). 

151.  Zhao, H. et al. A homojunctionïheterojunctionïhomojunction scaffold boosts photocatalytic 

H2evolution over Cd0.5Zn0.5S/CoO hybrids. J. Mater. Chem. A 8, 1955-1965 (2020). 

152.  Zhang, J. et al. New understanding on the different photocatalytic activity of wurtzite and 

zinc-blende CdS. Appl. Catal., B 192, 101-107 (2016). 

153.  Pang, H. et al. Facile synthesis of few-layer g-C3N4 nanosheets anchored with cubic-phase 

CdS nanocrystals for high photocatalytic hydrogen generation activity. J. Alloys Compd. 839, 

155684 (2020). 

154.  Hao, X. et al. Self-constructed facet junctions on hexagonal CdS single crystals with high 

photoactivity and photostability for water splitting. Appl. Catal., B 244, 694-703 (2019). 

155.  Zhang, H. et al. Electron-enriched Lewis acid-base sites on red carbon nitride for 

simultaneous hydrogen production and glucose isomerization. Appl. Catal., B 316, 121647 

(2022). 

156.  Ma, X. et al. Experimental and mathematical modeling studies of the separation of zinc 

blende and wurtzite phases of CdS nanorods by density gradient ultracentrifugation. ACS Nano 

5, 3242-3249 (2011). 



87 
 

157.  Liu, M. et al. Transformation of zincblende nanoparticles into wurtzite microrods by a 

dissolutionïregrowth process: an intergrowth homojunction with enhanced photocatalytic 

activity. Catal. Sci. Technol. 6, 3371-3377 (2016). 

158.  Chen, Y. et al. Preparation of CdS/g-C3N4/MOF composite with enhanced visible-light 

photocatalytic activity for dye degradation. J. Solid State Chem. 274, 32-39 (2019). 

159.  He, G. et al. Dual-template synthesis of mesoporous TiO2 nanotubes with structure-enhanced 

functional photocatalytic performance. Appl. Catal., B 250, 301-312 (2019). 

160.  Kruk, M.Jaroniec, M. Gas adsorption characterization of ordered organicīinorganic 

nanocomposite materials. Chem. Mater. 13, 3169-3183 (2001). 

161.  Tan, Y.-X. et al. Boosted photocatalytic oxidation of toluene into benzaldehyde on CdIn2S4-

CdS: Synergetic effect of compact heterojunction and S-vacancy. ACS Catal. 11, 2492-2503 

(2021). 

162.  Pal, D.B. et al. Investigation of surface interaction in rGO-CdS photocatalyst for hydrogen 

production: an insight from XPS studies. Int. J. Hydrogen Energy 46, 26757-26769 (2021). 

163.  Li, Y. et al. Hierarchical ZnSIn2S3 CuS Nanospheres with Nanoporous Structure: Facile 

Synthesis, Growth Mechanism, and Excellent Photocatalytic Activity. Adv. Funct. Mater. 20, 

3390-3398 (2010). 

164.  Wang, S. et al. Amine-CdS for exfoliating and distributing bulk MoO3 for photocatalytic 

hydrogen evolution and Cr (VI) reduction. Chem. Eng. J. 406, 126849 (2021). 

165.  Veamatahau, A. et al. Origin of surface trap states in CdS quantum dots: relationship between 

size dependent photoluminescence and sulfur vacancy trap states. PCCP 17, 2850-2858 (2015). 

166.  Chen, Q. et al. Activation of molecular oxygen in selectively photocatalytic organic 

conversion upon defective TiO2 nanosheets with boosted separation of charge carriers. Appl. 

Catal., B 262, 118258 (2020). 

167.  Sun, X. et al. Enhanced superoxide generation on defective surfaces for selective 

photooxidation. J. Am. Chem. Soc. 141, 3797-3801 (2019). 

168.  Wang, K. et al. Enhanced photocatalytic performance and stability of multi-layer core-shell 

nanocomposite C@Pt/MoS2@CdS with full-spectrum response. Int. J. Hydrogen Energy 47, 

12914-12926 (2022). 



88 
 

169.  Yang, G. et al. One-step solvothermal synthesis of hierarchically porous nanostructured 

CdS/TiO2 heterojunction with higher visible light photocatalytic activity. Appl. Surf. Sci. 283, 

402-410 (2013). 

170.  Zhang, H.Zhu, Y. Significant visible photoactivity and antiphotocorrosion performance of 

CdS photocatalysts after monolayer polyaniline hybridization. The Journal of Physical 

Chemistry C 114, 5822-5826 (2010). 

171.  Zhao, H. et al. Meso microporous nanosheetconstructed 3DOM perovskites for remarkable 

photocatalytic hydrogen production. Adv. Funct. Mater. 32, 2112831 (2022). 

172.  Panigrahy, B. et al. Construction of CdSeïAuPd quantum dot 0D/0D hybrid photocatalysts: 

charge transfer dynamic study with electrochemical analysis for improved photocatalytic 

activity. Dalton Transactions 51, 664-674 (2022). 

173.  Gan, L.Pan, X. Phenol-Enhanced Depolymerization and Activation of Kraft Lignin in 

Alkaline Medium. Industrial & Engineering Chemistry Research 58, 7794-7800 (2019). 

174.  Wang, J. et al. Selective superoxide radical generation for glucose photoreforming into 

arabinose. J. Energy Chem. 74, 324-331 (2022). 

175.  Zhao, H. et al. Plasmon enhanced glucose photoreforming for arabinose and gas fuel co-

production over 3DOM TiO2-Au. Applied Catalysis B-Environmental 291, 120055 (2021). 

176.  Zhang, C. et al. Noble-metal-free hexagonal wurtzite CdS nanoplates with exposed (110) 

and (112) crystal facets for efficient visible-light H2 production. New J. Chem. 45, 217-222 

(2021). 

177.  Yadav, A.A. et al. Highly efficient porous morphology of cobalt molybdenum sulfide for 

overall water splitting reaction. Surf. Interfaces 23, 101020 (2021). 

178.  Yadav, A.A. et al. Porous nanoplate-like tungsten trioxide/reduced graphene oxide catalyst 

for sonocatalytic degradation and photocatalytic hydrogen production. Surf. Interfaces 24, 

101075 (2021). 

179.  Zhang, L. et al. Oxygen reduction reaction on Pt-based electrocatalysts: Four-electron vs. 

two-electron pathway. Chinese Journal of Catalysis 43, 1433-1443 (2022). 

180.  Wakerley, D.W. et al. Solar-driven reforming of lignocellulose to H2 with a CdS/CdOx 

photocatalyst. Nat. Energy 2, 17021 (2017). 

181.  Zhao, H. et al. Biomass Photoreforming for Hydrogen and Value-Added Chemicals Co-

Production on Hierarchically Porous Photocatalysts. Adv. Energy Mater., 2300257 (2023). 



89 
 

182.  Shang, L. et al. CdS Nanoparticle-Decorated Cd Nanosheets for Efficient Visible Light-

Driven Photocatalytic Hydrogen Evolution. Adv. Energy Mater. 6, 1501241 (2016). 

183.  Shan, J.J. et al. Improved charge separation and surface activation via boron-doped layered 

polyhedron SrTiO3 for co-catalyst free photocatalytic CO2 conversion. Applied Catalysis B-

Environmental 219, 10-17 (2017). 

184.  Ran, J. et al. Cocatalysts in Semiconductor-based Photocatalytic CO2 Reduction: 

Achievements, Challenges, and Opportunities. Adv Mater 30, 1704649 (2018). 

185.  Xiao, N. et al. The roles and mechanism of cocatalysts in photocatalytic water splitting to 

produce hydrogen. Chin. J. Catal. 41, 642-671 (2020). 

186.  Abdouli, I. et al. Hydrothermal process assisted by photocatalysis: Towards a novel hybrid 

mechanism driven glucose valorization to levulinic acid, ethylene and hydrogen. Applied 

Catalysis B-Environmental 305, 121051 (2022). 

187.  Zhao, H. et al. Mechanistic understanding of cellulose ɓ-1,4-glycosidic cleavage via 

photocatalysis. Appl. Catal., B 302, 120872 (2022). 

188.  Dong, T. et al. Ru decorated TiOx nanoparticles via laser bombardment for photothermal co-

catalytic CO2 hydrogenation to methane with high selectivity. Appl. Catal., B 326, 122176 

(2023). 

189.  Yang, Y. et al. Recent advances in application of transition metal phosphides for 

photocatalytic hydrogen production. Chem. Eng. J. 405, 126547 (2021). 

190.  Cai, C. et al. In situ photosynthesis of an MAPbI3/CoP hybrid heterojunction for efficient 

photocatalytic hydrogen evolution. Adv. Funct. Mater. 30, 2001478 (2020). 

191.  Liu, E.Z. et al. Facile strategy to fabricate Ni2P/g-C3N4 heterojunction with excellent 

photocatalytic hydrogen evolution activity. Int. J. Hydrogen Energy 43, 21355-21364 (2018). 

192.  Sun, Z.C. et al. Insight into iron group transition metal phosphides (Fe2P, Co2P, Ni2P) for 

improving photocatalytic hydrogen generation. Applied Catalysis B-Environmental 246, 330-

336 (2019). 

193.  Cheng, C. et al. Facile preparation of nanosized MoP as cocatalyst coupled with g-C3N4 by 

surface bonding state for enhanced photocatalytic hydrogen production. Applied Catalysis B-

Environmental 265, 118620 (2020). 

194.  Li, Y. et al. Unique photocatalytic activities of transition metal phosphide for hydrogen 

evolution. J Colloid Interface Sci 541, 287-299 (2019). 



90 
 

195.  Weng, C.C. et al. Transition Metal Phosphide-Based Materials for Efficient Electrochemical 

Hydrogen Evolution: A Critical Review. ChemSusChem 13, 3357-3375 (2020). 

196.  Hong, L.F. et al. Recent Progress of Transition Metal Phosphides for Photocatalytic 

Hydrogen Evolution. ChemSusChem 14, 539-557 (2021). 

197.  Pham, L.K.H. et al. Integrated catalytic hydrodeoxygenation of Napier grass pyrolysis vapor 

using a Ni2P/C catalyst. J. Anal. Appl. Pyrolysis 140, 170-178 (2019). 

198.  Zhu, T.H. et al. Comparative study of hydrodeoxygenation performance over Ni and Ni2P 

catalysts for upgrading of lignin-derived phenolic compound. Fuel 331, 125663 (2023). 

199.  Bu, Q. et al. A thermal behavior and kinetics study of the catalytic pyrolysis of lignin. RSC 

Adv. 6, 100700-100707 (2016). 

200.  Deshpande, A.Gupta, N.M. Critical role of particle size and interfacial properties in the 

visible light induced splitting of water over the nanocrystallites of supported cadmium sulphide. 

Int. J. Hydrogen Energy 35, 3287-3296 (2010). 

201.  Wang, W. et al. Earth-abundant Ni2P/g-C3N4 lamellar nanohydrids for enhanced 

photocatalytic hydrogen evolution and bacterial inactivation under visible light irradiation. 

Appl. Catal., B 217, 570-580 (2017). 

202.  Feng, H.-Q. et al. Highly efficient visible-light-driven photocatalytic H2 production over a 

pīn Mn0.2Cd0.8S/NiCo2O4 heterojunction modified with Ni2P. Int. J. Hydrogen Energy 48, 

4230-4241 (2023). 

203.  Fu, X. et al. In situ photodeposition of MoSx on CdS nanorods as a highly efficient cocatalyst 

for photocatalytic hydrogen production. J. Mater. Chem. A 5, 15287-15293 (2017). 

204.  Hu, T. et al. Noble-metal-free Ni2P modified step-scheme SnNb2O6/CdS-diethylenetriamine 

for photocatalytic hydrogen production under broadband light irradiation. Appl. Catal., B 269, 

118844 (2020). 

205.  Shen, R. et al. Tracking S-Scheme Charge Transfer Pathways in Mo2C/CdS H2-Evolution 

Photocatalysts. Sol. RRL 5, 2100177 (2021). 

206.  Zhang, L. et al. Z-scheme system of WO3@MoS2/CdS for photocatalytic evolution H2: MoS2 

as the charge transfer mode switcher, electron-hole mediator and cocatalyst. Appl. Catal., B 

259, 118073 (2019). 

207.  Li, C.-Q. et al. Constructing Direct Z-Scheme Heterostructure by Enwrapping ZnIn2S4 on 

CdS Hollow Cube for Efficient Photocatalytic H2 Generation. Adv. Sci. 9, 2201773 (2022). 



91 
 

208.  Zhao, Y. et al. Synthesis of nickel phosphide nano-particles in a eutectic mixture for 

hydrotreating reactions. J. Mater. Chem. 21, 8137-8145 (2011). 

209.  Wang, J. et al. In situ surface engineering of ultrafine Ni2P nanoparticles on cadmium sulfide 

for robust hydrogen evolution. Catal. Sci. Technol. 8, 5406-5415 (2018). 

210.  Reddy, D.A. et al. Multicomponent transition metal phosphides derived from layered double 

hydroxide double-shelled nanocages as an efficient non-precious co-catalyst for hydrogen 

production. J. Mater. Chem. A 4, 13890-13898 (2016). 

211.  Wu, L. et al. MOFs as an electron-transfer-bridge between a dye photosensitizer and a low 

cost Ni2P co-catalyst for increased photocatalytic H2 generation. Sustainable Energy Fuels 2, 

2502-2506 (2018). 

212.  Li, Y. et al. Graphene-Based Nanocomposites for Efficient Photocatalytic Hydrogen 

Evolution: Insight into the Interface toward Separation of Photogenerated Charges. ACS Appl. 

Mater. Interfaces 10, 43760-43767 (2018). 

213.  Ren, Y. et al. S-scheme Sb2WO6/g-C3N4 photocatalysts with enhanced visible-light-induced 

photocatalytic NO oxidation performance. Chin. J. Catal. 42, 69-77 (2021). 

214.  Wang, Z. et al. Novel AgI/BiSbO4 heterojunction for efficient photocatalytic degradation of 

organic pollutants under visible light: Interfacial electron transfer pathway, DFT calculation 

and degradation mechanism study. J. Hazard. Mater. 410, 124948 (2021). 

215.  Yan, J. et al. Visible-light photocatalytic efficiencies and anti-photocorrosion behavior of 

CdS/graphene nanocomposites: Evaluation using methylene blue degradation. Chin. J. Catal. 

34, 1876-1882 (2013). 

216.  Ning, X. et al. Inhibition of photocorrosion of CdS via assembling with thin film TiO2 and 

removing formed oxygen by artificial gill for visible light overall water splitting. Appl. Catal., 

B 212, 129-139 (2017). 

217.  Zhao, H. et al. n-p Heterojunction of TiO2-NiO core-shell structure for efficient hydrogen 

generation and lignin photoreforming. J Colloid Interface Sci 585, 694-704 (2021). 

218.  Cheng, X. et al. Homojunction-Structured Cadmium Sulfide Enhances Photocatalytic 

Coproduction of Hydrogen and Kraft Lignin Conversion. ACS Appl. Energy Mater. 6, 3608-

3615 (2023). 



92 
 

219.  Raikwar, D. et al. Thermocatalytic depolymerization of kraft lignin to guaiacols using 

HZSM-5 in alkaline water-THF co-solvent: a realistic approach. Green Chem. 21, 3864-3881 

(2019). 

220.  Mukundan, S. et al. Thermocatalytic cleavage of C-C and C-O bonds in model compounds 

and kraft lignin by NiMoS2/C nanocatalysts. Sustainable Energy Fuels 3, 1317-1328 (2019). 

221.  Kumaravel, S. et al. Green and sustainable route for oxidative depolymerization of lignin: 

New platform for fine chemicals and fuels. Biotechnol Prog 37, e3111 (2021). 

222.  Li, X. et al. Identification of the Charge Transfer Channel in Cobalt Encapsulated Hollow 

Nitrogen-Doped Carbon Matrix@CdS Heterostructure for Photocatalytic Hydrogen Evolution. 

Small 17, 2101315 (2021). 

223.  Zheng, Z. et al. Synthesis of Ni modified Au@CdS coreïshell nanostructures for enhancing 

photocatalytic coproduction of hydrogen and benzaldehyde under visible light. J. Colloid 

Interface Sci. 606, 47-56 (2022). 

224.  Meng, X. et al. Boosting Hydrogen Evolution Performance of a CdS-Based Photocatalyst: 

In Situ Transition from Type I to Type II Heterojunction during Photocatalysis. ACS Catal. 12, 

10115-10126 (2022). 

225.  Lv, Z. et al. Py-COOH modified g-C3N4 nanosheets with enhanced visible-light 

photocatalytic H2 production. Appl. Surf. Sci. 504, 144486 (2020). 

226.  Ding, M. et al. Evidencing Interfacial Charge Transfer in 2D CdS/2D MXene Schottky 

Heterojunctions toward High-Efficiency Photocatalytic Hydrogen Production. Sol. RRL 5, 

2000414 (2021). 

227.  Ruan, X. et al. A visible-light-driven Z-scheme CdS/Bi12GeO20 heterostructure with 

enhanced photocatalytic degradation of various organics and the reduction of aqueous Cr(VI). 

J. Colloid Interface Sci. 543, 317-327 (2019). 

228.  Xiao, R. et al. In situ fabrication of 1D CdS nanorod/2D Ti3C2 MXene nanosheet Schottky 

heterojunction toward enhanced photocatalytic hydrogen evolution. Appl. Catal., B 268, 

118382 (2020). 

229.  Zhong, Y. et al. A CoP/CdS/WS2 pïnïn tandem heterostructure: a novel photocatalyst for 

hydrogen evolution without using sacrificial agents. J. Mater. Chem. A 7, 14638-14645 (2019). 



93 
 

230.  Huang, J. et al. Boosting hydrogen transfer during volmer reaction at oxides/metal 

nanocomposites for efficient alkaline hydrogen evolution. ACS Energy Lett. 4, 3002-3010 

(2019). 

231.  Nguyen, V.-C. et al. Photocatalytic Cellulose Reforming for H2 and Formate Production by 

Using Graphene Oxide-Dot Catalysts. ACS Catal. 11, 4955-4967 (2021). 

232.  Huang, Z. et al. Radical generation and fate control for photocatalytic biomass conversion. 

Nat. Rev. Chem. 6, 197-214 (2022). 

233.  Kresse, G.Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and 

semiconductors using a plane-wave basis set. Comput. Mater. Sci 6, 15-50 (1996). 

234.  Kresse, G.Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations 

using a plane-wave basis set. Physical review B 54, 11169 (1996). 

235.  Kresse, G.Hafner, J. Ab initio molecular dynamics for liquid metals. Physical review B 47, 

558 (1993). 

236.  Kresse, G. et al. Theory of the crystal structures of selenium and tellurium: the effect of 

generalized-gradient corrections to the local-density approximation. Physical Review B 50, 

13181 (1994). 

237.  Ernzerhof, M.Perdew, J.P. Generalized gradient approximation to the angle-and system-

averaged exchange hole. The Journal of Chemical Physics 109, 3313-3320 (1998). 

238.  Nørskov, J.K. et al. Origin of the overpotential for oxygen reduction at a fuel-cell cathode. 

The Journal of Physical Chemistry B 108, 17886-17892 (2004). 

239.  Wang, V. et al. VASPKIT: a pre-and post-processing program for VASP code. arXiv preprint 

arXiv:1908.08269   (2019). 

240.  Guo, Y. et al. A cation exchange strategy to construct Rod-shell CdS/Cu2S nanostructures 

for broad spectrum photocatalytic hydrogen production. J. Colloid Interface Sci. 608, 158-163 

(2022). 

241.  Gopannagari, M. et al. Influence of surface-functionalized multi-walled carbon nanotubes 

on CdS nanohybrids for effective photocatalytic hydrogen production. Appl. Catal., B 236, 

294-303 (2018). 

242.  Kumar, D.P. et al. Noble metal-free metal-organic framework-derived onion slice-type 

hollow cobalt sulfide nanostructures: Enhanced activity of CdS for improving photocatalytic 

hydrogen production. Appl. Catal., B 224, 230-238 (2018). 



94 
 

243.  Zhao, W. et al. Optimal synthesis of platinum-free 1D/2D CdS/MoS2 (CM) heterojunctions 

with improved photocatalytic hydrogen production performance. J. Alloys Compd. 813, 

152234 (2020). 

244.  Hong, S. et al. Excellent photocatalytic hydrogen production over CdS nanorods via using 

noble metal-free copper molybdenum sulfide (Cu2MoS4) nanosheets as co-catalysts. Appl. Surf. 

Sci. 396, 421-429 (2017). 

245.  Li, W. et al. CdS@h-BN heterointerface construction on reduced graphene oxide nanosheets 

for hydrogen production. Appl. Catal., B 284, 119688 (2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

7. Appendix A: Supplementary Data for Chapter 3 

7.1 Characterization of material 

Applying power X-ray diffraction (XRD, D8 ADVANCE) at 40 kV, 40 mA equipped with a Cu 

anode X-ray tube (Cu KŬ X-rays, ɚ = 1.54056 Å) to determine the crystalline phase of obtained 

samples. The sample morphology was observed with a field-emission scanning electron 

microscope (SEM, Hitachi S-4800) at a voltage of 5 kV and transmission electron microscopy 

(TEM, Titan themis 200 & Helios 450S). X-ray photoelectron spectroscopy (XPS) with a 

customized X-ray photoelectron spectrometer (Escalab 250Xi, Thermo Fisher, Alpha equipped 

with a monochromatic Al KŬ source) and Electron spin resonance (ESR, JES-X320) were carried 

out to show chemical state and internal elemental bond composition of all samples. The UVïvis 

absorption spectra are collected by SHIMADZU UVïvis spectrophotometer (UV-2550) with an 

integrating sphere scanning in the range of 200ï800 nm with BaSO4 as the reference. The 

photoluminescence (PL) and transient photoluminescence (TRPL) spectra are recorded using 

fluorescence spectrophotometer (FLS1000) with the excitation wavelength was set at 600 nm. 

Nitrogen adsorptionïdesorption isotherms were obtained using a micromeritics surface area and 

porosity analyser Micrometrics. The specific surface areas of mesopores were calculated by the 

Brunauer-Emmett-Teller (BET) methods. The pore-size distributions for mesopores were 

calculated via using Barrett-Joyner-Halenda (BJH) models. Analysis of liquid phase is caried out 

on Gas Chromatography-Mass Spectrometer (GC-MS, Agilent 7890B GC, 5977 MS). 
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7.2 Supporting figures 

 

 
Figure S44. Scanning Electron Microscope (SEM) of (a) ZBCS and (e) WZCS, scale bar is 100 

nm. Scanning Transmission Electron Microscope (STEM) of (b), (e) ZBCS and (f), (g) WZCS. 

 

 

 

 

 

 

 
Figure S45. (a) N2 adsorption-desorption isotherms and (b) corresponding pore size distribution 

curves of all samples. 
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Figure S46. (a) Contrast experiment between photo and thermal catalysis. (b) XRD pattern of 

MCS before and (c) H2 production activity of MCS in pure NaOH solution. 

 

 

 

 
Figure S47. Top: GCMS testing result. Bottom: Standard spectrum of 2,2ô-methylenebis[6-(1,1-

dimethylethyl)-4-methyl-phenol. 

 

 

 

 

 

 



98 
 

 

 

 
Figure S48. Top: GCMS testing result. Bottom: Standard spectrum of Decane. 

 

 

 

 

 
Figure S49. Top: GCMS testing result. Bottom: Standard spectrum of Dodecane. 
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Figure S50. GCMS spectrum of controlled experiment. 
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7.3 Supporting tables 

Table S6. Comparison of H2 production for lignin based substrates. 

Catalyst Substrate Solution Light source Performance Ref. 

Homojunction structure CdS Kraft lignin 5M NaOH 300 W Xe 835.8 ɛmolĿg-1·h-1 
This 

work 

NiS/CdS Lignin 
Lactic acid 

aqueous 

300 W Xe 

Ó400 nm 
1512.4 ɛmolĿg-1·h-1 114 

TiO2-NiO Kraft lignin 
Alkaline aqueous 

(1M) 
300 W Xe 

320-780 nm 
Not mentioned 107 

Mo-Doped/Ni-supported 
ZnIn2S4-wrapped NiMoO4S 

Sodium lignin 
sulfonate 

Deionised water 
300 W Xe 
Ó400 nm 

About 530 ɛmolĿg-

1·h-1 
89 

Monolayer 

Carbon Nitride 
Lignin 

Aqueous solution 

(pH = 10) 

300 W Xe 

Ó420 nm 

About 20.75 

ɛmolĿg-1·h-1 
137 

CdS/CdOX quantum dot Lignin 10 M KOH 
AM 1.5G, 

100 mW cm-2 

About 250 ɛmolĿg-

1·h-1 
180 
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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 (VASP) 233-236. The electron exchange and 

correlation energy were treated within the generalized gradient approximation (GGA) in the 

Perdew-Burke-Ernzerhof functional (PBE) 237. And the calculations were done with a plane-wave 

basis set defined by a cut-off energy of 450 eV. The K-point sampling was obtained from 

Monkhorst-Pack scheme with a (3 × 3 × 1) mesh for optimization and a (4 × 4 × 1) mesh for the 

calculations of electronic structure. The energy calculation and geometry optimization were 

finished when the electronic energy tolerance reached 1×105 eV/atom and the maximum 

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

Bulk CdS model were built from CdS (001) lattice plane. The CdS model with a lattice constant 

of 12.44 × 12.44 Å2 includes 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 NiP2 (001) lattice plane. For 5% NC, it is comprised of 3 layers CdS and 4 layers NiP2, 

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

12.04 × 12.04 Å2. The upper 5 layers were free whilst the bottom 2 layers were fixed. 

The HER process was divided into two fundamental reactions as following: 

H2O + e- + * = *H + OH- 

*H = * + ½ H2 

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

The change in Gibbs free energy (ȹG) of each adsorbed intermediate was calculated based on the 

computational hydrogen electrode method 238 and VASPKIT package 239. 
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8.2 Supporting figures 

 

 
Figure S51. SEM images of (a)1% NC, (b) 3% NC, (c) 5% NC and (d) 7% NC (scale bar is 500 

nm). 

 

 

 

 
Figure S52. The XPS spectra of (a) Cd 3d, (b) S 2p, (c)Ni 2p and (d) P 2p for all prepared 

catalysts. 
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Figure S53. AQY plot of 5% NC under different discrete wavelengths. Note: Three repeat 

experiments underlying error estimates. 

 

 

 

 

 

 

 
 

Figure S54. (a) XRD patterns and (b) XPS spectra of S 2p of 5% NC before and after reaction. 

(a) XRD patterns and (b) XPS spectra of S 2p of 5% NC before and after reaction. 
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Figure S55. the exploration of photo-thermal catalytic experiments with kraft lignin, Ŭ-cellulose 

and hemicellulose over 5% NC. Note: Three repeat experiments underlying error estimates. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S56. Gas chromatograph-mass spectrum (GC-MS) results of 5% NC over 12h with 

different raw biomass: (a) birch powder, (b) straw powder and (c) polar leaf powder. Note: 23-

hydroxy-4-methoxybenzaldehyde, 33,5-dimethoxy-4-hydroxytoluene, 43-hydoxy-4-

methoxyacetophenone, 5Eicosane, 6Hexadecane, 73,5-dimethyl-4-hydroxybenzaldehyde, 81-(4-

hydroxy-3,5-dimethylphenyl)-ethenone. 
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Figure S57. ESR spectra of radical signal of all prepared catalysts that investigated by TEMPO 

for (a) electrons and (b) holes, as well as DMPO for (c) superoxide radical and (d) hydroxyl 

radical. 
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8.3 Supporting tables 

 

Table S7. Specific surface area and pore volume of all prepared catalysts. 

Catalyst Surface Area (m2/g) Pore Volume (cm3/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 

 

 

Table S8. Hydrogen generation comparison. 

Catalyst Substrates Light Source 
Performance 

(mmol·h-1·g-1) 
Ref. 

5% NC Lactic Acid Solution 300 W Xe lamp 199.1 
This 
Work 

Rod-shell CdS/Cu2S Methanol Solution 300 W Xe lamp ca. 0.64 240 

Pt-Af-CNT/CdS Lactic Acid Solution 150 W Xe lamp 120.1 241 

CDs/CdS Lactic Acid Solution AM 1.5 G 6.70 122 

C@Pt/MoS2@CdS Na2SO3 Solution 300 W Xe lamp 0.08 168 

Co4S3/CdS Lactic Acid Solution Not mentioned 12.36 242 

CdS/MoS2 TEOA 300 W Xe lamp 1.79 243 

CdS/Cu2MoS4 Lactic Acid Solution 150 W Xe lamp 15.56 244 

CdS@h-BN/rGO TEOA PLS-SXE 300 6.4 245 
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Table S9. Total bader charge of different element 

Element Bader charge 

Cd 12.016 

S -11.353 

Ni -6 

P 5.337 
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9. Appendix C: Supplementary Data for Reprinted Content 
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