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Abstract 19 

Fullerenes possess high chemical stability, large specific surface area, good 20 

electrical conductivity and unique three-dimensional structure. In this paper, we 21 

provide a general overview of the latest research results of fullerene-based 22 

photocatalysts. Firstly, the current status of semiconductor materials and fullerenes 23 

in photocatalytic applications are briefly introduced. Secondly, introduced action 24 

mechanisms of photocatalysts modified by fullerene C60 and its derivatives, 25 

including basic structure, exclusive properties and its effect in photocatalysis and 26 

material preparation process. Thirdly, factors affecting material effectiveness and the 27 

synthesis strategy of composite photocatalyst modified by fullerene are introduced. 28 

Meanwhile, the application advances of the photocatalysts are introduced, including 29 

in the degradation of pollutants, organic synthesis, hydrogen production, 30 

antibacterial and disinfection in water. Finally, the development trends of fullerenes 31 

and their derivatives in photocatalysis are also summarized, including theoretical 32 

calculations, the morphological structure control, stable derivatives and increase the 33 

selectivity, and new other types of fullerene materials. 34 

Keywords: Fullerenes; Semiconductor photocatalysis; Photocatalytic mechanism; 35 

Environmental remediation; Hydrogen production 36 
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1. Introduction 64 

With industrial and commercial development, the world is facing a series of 65 

crises, such as energy shortages and environmental problems, which has hindered 66 

the further development of human civilization [1, 2]. Researchers have used various 67 

methods to deal with these problems and have achieved certain results [3, 4]. As 68 

early as 1972, Fujishima and Honda used semiconductor TiO2 to decompose water 69 

under ultraviolet light to produce hydrogen [5]. Inspired by their pioneering work, at 70 

present, it is believed that semiconductor photocatalysis to solve these problems is a 71 

promising technology. The applications of multiphase photocatalyst based on solar 72 

energy and semiconductor have been widely studied, including organic 73 

contaminants and harmful bacterial viruses removal, hydrogen production, organic 74 

synthesis, reduction of carbon dioxide and so on [6, 7]. 75 

Generally, the action of the catalyst mainly involves the following processes: 76 

the photocatalyst absorbs solar photons, production and separation of 77 

photogenerated electrons and holes in the catalyst and the surface reaction of the 78 

catalyst, and photoreactions are sequentially performed in order [8, 9]. In addition, 79 

the crystal morphology of the catalyst has a great influence on the degradation 80 

activity of the catalyst, its optical properties and chemical properties, and the 81 

topographical characteristics of the catalyst surface. The ability to ensure that these 82 

factors are at their best is the key to the highest activity of photocatalysts [10]. As far 83 



5 

 

as we know, semiconductor TiO2 is the most studied photocatalyst to decompose 84 

organic compounds in water and air under ultraviolet light, because of its high 85 

reaction efficiency, non-toxicity, good chemical inertness and high cost performance 86 

[11-15]. Unfortunately, the wide band gap prevents the TiO2 photocatalyst from 87 

being practical because it can only function under ultraviolet light. However, as far 88 

as we know, ultraviolet light accounts for about 4% of the solar spectrum in terms of 89 

energy, so most of the solar energy is not used [16]. Consequently, so as to utilize 90 

more energy of solar energy, exploring many photocatalysts that can work with 91 

visible light has attracted widespread attention. So far, a variety of this type of 92 

photocatalysts are being gradually developed and invented, including TiO2 93 

derivatives (TiO2−xNx [17] and MIL-125(Ti) derivatives [18]), simple oxides(Bi2O3 94 

[19-21], Fe2O3[22, 23]and WO3 [24, 25]), complex oxides (BiPO4 [26, 27], BiVO4 95 

[28, 29], Ag3PO4 [30-32]and Bi2WO6 [33-35]), metal chalcogenides (CdS [36-38]), 96 

and graphitic C3N4 [39-41]. 97 

Carbon nanomaterials have special properties such as strong physical/chemical 98 

stability, excellent electronic properties, limiting effects and developed pore 99 

structure [42, 43]. Due to the excellent properties of carbon nanomaterials, they have 100 

great practical application value in the field of pollution control [44-48]. Because of 101 

these excellent properties, carbon materials (such as graphene, carbon nanotubes, 102 

fullerene, carbon quantum dots etc.) are also used to make photocatalysts to reduce 103 

pollutants. For example, Pradhan et al. prepared α-Fe2O3 nanorods/ reduced 104 
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graphene oxide composites through a hydrothermal pathway, and studied its 105 

degradation properties for phenol [49]. Pawar et al. studied the stable plasma 106 

photocatalysts of gold nanoparticles, g-C3N4 and CNTs, researched the 107 

photodegradation of organic compounds. In addition, hydrogen was produced by 108 

decomposing water by photoelectrochemical reaction [50]. Fullerene C60 is soluble 109 

in conventional solvents at room temperature, and has strong antioxidant capacity 110 

and stability. C60 has high electronegativity to accept more electrons, and has rich 111 

redox properties. However, fullerene C60 has low solubility in water, easy 112 

agglomeration, low dispersibility, and high use cost. CNTs have high electrical 113 

conductivity and large specific surface area, and are chemically inert and thermally 114 

stable. Reduce material agglomeration, increase dispersibility, adsorption capacity 115 

and active sites. But CNTs have poor biocompatibility and cause certain harm to the 116 

environment. Size has a large effect on its performance and is difficult to control [51, 117 

52]. Graphene has a large specific surface area and contact area, excellent adsorption 118 

capacity and mechanical properties, and high strength. It is very conductive, has 119 

high charge mobility at room temperature, and is not affected by temperature. It can 120 

be produced at low cost, on a large scale, and can be used as a good catalyst support. 121 

However, due to the limitations of the preparation method, the intrinsic defects in 122 

the graphene structure affect its properties, including thermodynamic properties, 123 

electrical conductivity, etc [53-55]. Graphdiyne has abundant carbon chemical bonds, 124 

large conjugated system, wide interplanar spacing, excellent chemical stability, 125 
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semiconductor properties, high order and low defects. However, the controllable 126 

preparation technology is not very mature, the cost of materials is high, and the 127 

practical application needs further research [56, 57]. 128 

 129 

Fig.1. Illustration of the development of fullerenes and their derivatives. 130 

In most fullerene-based photocatalytic nanomaterials, since fullerenes 131 

(especially C60) have a narrow band gap (approximately 1.6-1.9ev) and a unique 132 

three-dimensional structure, which ensures the minimal changes of structure and 133 

salvation associated with electron transfer, and fullerenes (especially for C60) are 134 

considered to be excellent electron acceptor and transporter. These can result in 135 

rapid charge separation on the catalyst, while at the same time producing a relatively 136 

slow recombination of electrons and holes [58]. The light-induced electron transfer 137 

process of fullerene C60 nanomaterials has caused great concern [59-61]. Fullerenes 138 

have great applications in many fields such as photovoltaics and photocatalysis 139 

because of their unique electronic properties and structure [62-65]. 140 
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Although fullerenes have many advantages, the dispersion and solubility of 141 

fullerenes in solution are not very good. Therefore, the modification of fullerenes to 142 

obtain their derivatives for photocatalytic reaction received great attention. For 143 

example, Bai et al. modified the fullerene with a hydroxyl group to obtain a 144 

polyhydroxy fullerene, and then combined with titanium dioxide to prepare a 145 

photocatalyst for removing the organic dye [66]. Djordjevic et al. prepared a 146 

composite catalyst of polyhydroxy fullerene and titanium dioxide, and studied its 147 

degradation efficiency on herbicide mesotrione [67]. In order to obtain higher 148 

reactivity, organic catalysts prepared by composite of fullerenes and organic 149 

compounds had also made some progress [68-71]. 150 

More and more researches have been carried out on the rapid development of 151 

the preparation technology of fullerenes and their derivatives. In recent years, 152 

research on composite nano-photocatalytic materials based on fullerenes is rapidly 153 

developing, and many researchers have achieved encouraging results. For example, 154 

in the removal of organic pollutants, photocatalytic hydrogen production, 155 

photovoltaic cells, photocatalytic organic synthesis, sterilization and other aspects 156 

have achieved excellent results [68, 72-74]. Although there are many applications of 157 

fullerenes and their derivatives in photocatalysis, there is no review article that 158 

systematically studies this field. Therefore, the current comprehensive review of this 159 

specific area has important practical significance. In this paper, we outline the latest 160 

developments in photocatalytic applications based on fullerenes. The factors 161 
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affecting material effectiveness and synthesis strategies, action mechanism and 162 

applications of composites based on C60 and its derivatives in photoelectrochemistry 163 

and photocatalysis are elaborated, respectively. Ultimately, some challenges and 164 

promotions of fullerenes in the field of photocatalysis are discussed. This article will 165 

supply a scientific basis for the full application of fullerene C60 and its derivatives in 166 

photoelectrochemistry and photocatalysis, in order to achieve large-scale 167 

applications in the near future. A simple development of fullerenes and their 168 

derivatives is illustrated in Figure 1. 169 

2. Action mechanisms of photocatalysts modified by fullerene C60 and its 170 

derivatives 171 

2.1 Basic structure of fullerene C60 172 

Regarding fullerenes, its existence was forecast in 1970 [75]. The discovery of 173 

C60 is derived from the spectral study of the carbon atom family in the interstellar 174 

space, and the cage structure of the C60 molecule is proposed based on the C60-based 175 

carbon atomic mass spectrogram obtained in the laboratory. 60 carbon atoms make 176 

up 20 six-membered rings and 12 five-membered rings, composed of 60 vertices, all 177 

carbon atoms are equivalent [76, 77]. Fullerene C60 is spherical, and the σ bond of 178 

C60 is different from SP
2
 hybrid σ bond in graphite and diamond SP

3
 hybrid bond. In 179 

spherical C60, the angle between two σ bonds is 106°, and the angle between σ bond 180 
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and π bond is 101.64°, the radius of the molecule is about 0.335 nm. C60 molecules 181 

are in a thermodynamic disordered state in solids and are anisotropic [78]. 182 

Theoretical calculations show that there are two kinds of C-C bonds in the C60 183 

molecule: single bond and double bond, the pentagonal ring has only a single bond, 184 

and in the hexagonal ring, the single bond and the double bond are alternately 185 

arranged, so the common edge of the hexagonal ring and the pentagon ring is a 186 

single bond, and the common edge of the two hexagon rings is a double bond. The 187 

average bond length of the single bond is 0.145 nm, and the double bond is 0.141 188 

nm [79]. The interaction force between the C60 molecules in the C60 solid is van der 189 

waals force [80], and the cohesive energy of each C60 molecule is 1.6 eV. At very 190 

high temperatures, although the vibrational vibration of carbon atoms is large, the 191 

cage structure of C60 molecules remains unchanged, indicating excellent high 192 

temperature stability[81]. According to the periodic bond chain theory, the possible 193 

crystal surface can be predicted. C60 crystals have a face-centered cubic (FCC) 194 

structure at room temperature. In general, when only the nearest neighbor interaction 195 

is considered for the FCC lattice, just two crystal planes {111} and {200} may exist. 196 

When the subnearest neighbor interaction is taken into account, then {220} crystal 197 

face may appear. If the third neighbor interaction is further considered, the {420}, 198 

{311}, {531} crystal faces may appear. Since the nearest neighbor interaction 199 

accounts for about 96% of the C60 lattice energy, other interactions are negligible. In 200 

fact, since the growth rate of the {220} crystal plane is much larger than the growth 201 
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rate of the {111} and {200} crystal planes, the {220} crystal plane will disappear 202 

during the growth process, and it is impossible to appear as a stable interface on the 203 

outside of crystal.When observing the surface morphology of C60 single crystals, no 204 

interface other than {111} and {200} crystal faces has been found [82]. Most C60 205 

crystal surfaces are very smooth in microscopic size, but on the surface of some 206 

crystals, there are still microscopic steps on it. Fullerene C60 has such a suitable 207 

three-dimensional structure, and has a large number of applications in real life 208 

(Fig.2), for example, in addition to the latest research progresses in the field of 209 

photoelectrocatalysis [83-87], fullerene C60 and their derivatives have also been 210 

studied in photodynamic therapy [88, 89], especially in drug delivery and anti-tumor 211 

bacteria [90, 91]. Because fullerenes are biologically stable and can be linked to 212 

many drugs via covalent bonds, they have the potential to produce sustained release 213 

systems. This drug delivery strategy greatly increases the use of fullerenes and their 214 

derivatives. Fullerene C60 and their derivatives are also rapidly developing in 215 

the field of solar cells [92-96]. It is mainly used as acceptor material and 216 

cathode modification layer of organic polymer solar cells, and the electron 217 

transport layer of the perovskite solar cell and its modified layer.  For example, 218 

Arivazhagan et al [94]. found that the C60 as an electron transport layer of 219 

solar cells can reduce physical defects, enhance electron extraction, and 220 

improve photovoltaic performance under appropriate thickness control . Fu et 221 

al [97]. used amphiphilic fullerenes to improve the quality of perovskite films 222 
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and the stability of perovskite solar cells. Moreover, due to the advantages of 223 

light weight, large area, and flexibility, the use of C60 derivatives and 224 

conjugated polymers to prepare thin film photosensors has received increasing 225 

attention [98-101]. In this article we mainly discuss its application progress in the 226 

field of photocatalysis, which we will discuss in detail in the section 4. 227 

 228 

Fig.2. Main applications of Fullerene C60.and its derivatives. 229 

2.2 Fullerene C60 derivatives 230 

A series of derivatives of fullerene C60 were synthesized by modification inside 231 

or outside of fullerene C60. These derivatives are used in a variety of ways to 232 

demonstrate extraordinary potential application value. In order to better understand 233 

and develop fullerenes, we need to have a comprehensive understanding of its types. 234 

The derivatives of fullerene C60 are mainly divided into two categories. One is 235 
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chemically modified derivatives inside fullerene cages, another is chemically 236 

modified derivatives outside fullerene cages [102-104]. 237 

In-cage modification of fullerenes refers to a special type of molecule formed 238 

by embedding metal, non-metal atoms and metal-containing clusters and molecules 239 

into a fullerene cage, namely inlaid fullerenes. The inlaid fullerene not only has 240 

fullerene properties but also has excellent properties of embedded groups, thereby 241 

expanding the application range of fullerenes. The fullerene derivatives can be 242 

classified into embedded single metal fullerenes, embedded polymetallic fullerenes, 243 

embedded non-metal fullerenes, and embedded molecular cluster fullerenes 244 

according to the embedded groups therein [102]. This second type of derivative is 245 

chemically modified outside the carbon cage. By chemical modification outside the 246 

cage, the solubility, photoelectric properties and biochemical properties of the 247 

molecules can be regulated, at the same time, functional and specific groups can also 248 

be introduced to obtain special-structure and special-purpose fullerene derivatives 249 

[105]. 250 

In this paper, we mainly introduce the derivatives obtained by chemical 251 

modification out of the fullerene C60 carbon cage according to the existing literatures. 252 

They are C60 derivatives containing hydroxyl groups, amino groups and metals 253 

[106-110]. Due to the difference of the modifying groups, different derivatives have 254 

different methods in forming composite photocatalysts. More specifically, when a 255 

hydroxyl-modified fullerene derivative forms a composite photocatalyst, it is 256 
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generally ultrasonically dispersed to obtain a better dispersion, and then the pH is 257 

adjusted to an optimum condition, finally, the hydroxyfullerene is adsorbed onto the 258 

semiconductor material by electrostatic adsorption [66, 107]. In the preparation of 259 

the composite photocatalyst with amino fullerene, a water-soluble condensation 260 

reagent is added, and the pH is adjusted to obtain an optimum coupling condition to 261 

ensure a stable linkage between the composite materials [111, 112]. As for the 262 

metal-containing fullerene derivatives [110, 113], a sol-gel method is usually used in 263 

the preparation of the composite photocatalysts. In order to ensure the stability of the 264 

metal groups, the sol is generally mixed and refluxed at a low temperature to form a 265 

gel after stirring, and then heated at different temperatures to form a composite 266 

photocatalyst. 267 

2.3 Exclusive properties of fullerene C60 268 

As we mentioned before, carbon nanomaterials have very rich physical and 269 

chemical properties. Structure and hybrid orbit of several allotropes of carbon as 270 

shown in Figure 3. As an important member of the carbon nanomaterial family, 271 

fullerenes naturally have many properties. Fullerene C60 is one of the most studied 272 

materials at this stage. C60 has many physical and chemical properties such as 273 

non-toxicity, solubility, superconductivity, limiting effects, and so on. Obviously, its 274 

exclusive properties in photocatalytic reactions have attracted our attention. These 275 

exclusive properties of fullerene C60 in photocatalytic reactions are mainly 276 
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manifested in three aspects. The first is its unique morphological structural 277 

properties, followed by its optical physical properties after being excited by light, 278 

and finally the properties of derivatives derived from other functional groups. 279 

 280 

Fig.3. Structure and hybrid orbit of several allotropes of carbon. 281 

The morphological structure of fullerenes affects its photocatalytic properties 282 

because it has a three-dimensional symmetry structure and has many micropores 283 

inside. This excellent structural feature gives C60 molecules high quantum efficiency 284 

in photocatalytic reactions，and it has good physical and chemical stability, can 285 

ensure the stable existence of C60 in the composite materials, and plays a good role 286 

in the photocatalysis process [59, 105, 114, 115]. 287 

The second point is the optical properties that are unique to it after excitation 288 

by light, including electron and energy transfer processes. Based on the 289 

semiconductor band theory, the mechanism of photocatalyst performance 290 

enhancement after fullerenes combined with semiconductor can be analyzed. 291 

Literature studies have shown that the full band gap of solid fullerenes is 1.6-1.9 eV 292 
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[86, 116]. From a photochemical point of view, fullerenes are very attractive carbon 293 

nanomolecules because they can absorb the entire visible and ultraviolet spectrum 294 

and the photocatalytic reaction is well applied in the visible range. 295 

The third is that functional fullerene is an effective way to adjust its electronic 296 

properties. The fullerene derivatives are products of fullerene chemically 297 

functionalized and some of them have excellent properties in this field. For example, 298 

polyhydroxy fullerenes are derivatives formed by fullerene undergoing 299 

hydroxylation. After chemical modification, its properties have changed dramatically, 300 

including not only water soluble, biodegradable, but also resistant to oxidation [66, 301 

87]. Polyhydroxy fullerene acts as an electron scavenger to promote efficient 302 

separation of photogenerated electrons and holes, as the same time, it can cause 303 

more hydroxyl radical generation. Photocatalytic generation of hydroxyl radicals 304 

increases and promotes photocatalytic efficiency. Since the chemical moiety 305 

containing a great amout of electrons has high sensitivity to singlet oxidation, 306 

chemically functionalized fullerenes achieve effective degradation of organic 307 

pollutants (eg, chlorophenols and pharmaceuticals) [112]. In addition, functionalized 308 

fullerenes are promising precursors for the efficient synthesis of fullerene 309 

nanomaterials. Derivatives that can be processed in solution allow chemical 310 

modification of fullerenes with various molecules or nanoparticles by 311 

functionalization [109]. Moreover, fullerenes can also help nanomaterials grow and 312 

become dispersible materials. 313 
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2.4 Photocatalytic enhancement mechanism of fullerene C60 and its derivatives 314 

In the previous chapter, we briefly introduced the basic structure and excellent 315 

properties of fullerenes. According to our theoretical knowledge, we know that 316 

fullerenes and their derivatives must have a wide range of functions in the field of 317 

photocatalysis. These catalysts based on fullerenes and their derivatives have 318 

excellent effects in these applications. In the forthcoming content, the mechanisms 319 

of fullerenes and their derivatives in composite catalysts will be emphasized. Their 320 

photocatalytic mechanisms are analyzed by their roles in photocatalytic reactions. It 321 

includes three different functions i.e., electron acceptor, energy-transfer mediator, 322 

electron donor, and plays different roles under different conditions. When the 323 

semiconductor material is excited by light, photogenerated electrons are generated 324 

on the valence band, and the electrons are then transferred to fullerenes, where the 325 

fullerenes act as electron acceptors and transporters. Since fullerene has a small 326 

band gap and itself has a visible light response, it can directly as an energy 327 

transfer-mediator to produce 
1
O2 for reaction. However, there is also a case where 328 

fullerenes act as electron donors, which are excited by light to transfer electrons to 329 

the semiconductor material, increase the carrier transport rate, and enhance 330 

photocatalytic activity [117-120]. Moreover, as far as we know, they can serve as 331 

electron-transfer mediator, passing electrons to other substances while accepting 332 

electrons. 333 
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Fullerene and its derivatives have a certain influence on the composite material 334 

in addition to the roles in electron transfer. According to the researches of many 335 

literatures, we know that fullerenes have the following effects on semiconductor 336 

materials: (1) regulate the growth of semiconductor crystals, (2) reduce inactivation 337 

of semiconductor materials, (3) adjust the band gap structure of the semiconductor. 338 

Fullerenes enhance the activity of the entire photocatalytic reaction by acting in the 339 

electron and energy transport and material preparation processes. 340 

2.4.1 Electron and energy transfer in photocatalysis 341 

2.4.1.1 Fullerene as an electron acceptor  342 

Fullerene (C60) is known to be one of several allotropes of carbon, differing 343 

from others in that it has unique electronic properties. The closed shell composed of 344 

C60 contains 60 π electrons composed of 30 bonding molecular orbitals, which is 345 

beneficial to reduce effective electron transfer. Fullerenes are electron acceptors in 346 

composite catalysts. On the one hand, they can effectively separate light-induced 347 

charges and generate a large amount of electrons. On the other hand, the re-contact 348 

of photogenerated electrons and holes is also suppressed [121, 122].  349 

When the fullerene material is irradiated with light, C60 is excited from the 350 

ground state to a short singlet excited state in a short time (about 1.2 ns), and then 351 

rapidly from a single state to a lower triplet state (
3
C60*) through intersystem 352 

crossing (ISC) process(Fig. 4A). The triplet C60 has a very long lifetime (> 40 μs). 353 
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The visible light-excited C60 becomes a good electron acceptor, and its ability to 354 

accept electrons is greatly enhanced, and it can accept up to 6 electrons. This is the 355 

most important for enhancing the reactivity. Triplet C60 has stronger electron 356 

accepting ability than ground state C60, and a C60 radical anion (
3
C60

-
) can be 357 

obtained by the reaction. Excited state 
3
C60* will accept electrons from 358 

semiconductor materials, namely electron donors (ED), then the 
3
C60* is reduced to 359 

1
C60

•▁ 
(Fig. 4B). In turn, a series of reactions between the reactants at the interface 360 

and the radical species are generated. Further, the nano fullerene material can 361 

produce electrons and holes under the excitation of light. Therefore, fullerene carbon 362 

nanomaterials can effectively promote rapid photoinduced charge separation, 363 

strengthen the production of photogenerated electrons and holes, and achieve the 364 

purpose of enhancing photodegradation performance [123]. Fullerenes have been 365 

combined with various wide band gap semiconductor photocatalysts as novel 366 

composite photocatalysts for photocatalytic reactions, such as TiO2 [121, 124-126], 367 

ZnO [127], BiOCl [128]. 368 

 369 

Fig. 4. Photochemical pathways of C60 after light excitation: (A) energy-transfer and (B) 370 
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electron-transfer [129]. Copyright 2010 Elsevier. 371 

Yu et al. [121] prepared a nanocomposite catalyst of fullerene and titanium 372 

dioxide by simple hydrothermal crystallization method for photocatalytic 373 

degradation of vapor phase acetone. According to the experimental results, it was 374 

concluded that C60 played an electron acceptor and a transporter in the 375 

photocatalytic process to help improve electron mobility. In this system, the 376 

conduction band potential of titanium dioxide was more negative [118]. Therefore, 377 

electrons in the composite material could be smoothly transferred from titanium 378 

dioxide nanoparticles to fullerenes. When the photocatalyst was active, the valence 379 

electron (e
-
) of the anatase type titanium oxide was excited to the conduction band of 380 

the catalyst, and holes were generated in the valence band. Usually, as a result of the 381 

rapid recombination of these charges, just a relatively small portion of the electrons 382 

and holes played a role in the whole process. However, if the titanium dioxide 383 

nanoparticles are chemically bonded to the fullerene molecules, these electron 384 

transfer tendencies change dramatically and they begin to shift to C60. 385 

In addition, researchers have learned through experiments that this effect of 386 

fullerenes is affected by many conditions, including fullerene content, interactions 387 

between fullerenes and semiconductor, and contact areas. In this role, the 388 

controllable photocatalytic activity of fullerene and semiconductor nanocomposites 389 

has been extensively studied by changing the fullerene content. For example, Fu's 390 

research group [127] studied the photocatalytic properties of C60/ZnO photocatalysts. 391 
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The composite catalyst was studied for its catalytic performance by using the 392 

degradation efficiency of acid red 18 as an index. With the increase of C60 content, 393 

the efficiency of composites degrading pollutants was continuously improved, and 394 

the degradation effect reached the optimum value at 1.5% C60. This might be due to 395 

the fact that too much C60 became a complex center of photoelectron-hole pairs. 396 

They believed that the enhanced performance was because of the role of fullerenes 397 

in electron acceptors and transporters in composites. Ma et al. [128] prepared a 398 

C60/BiOCl composite catalyst by in-situ preparation. Degrading the organic dyes 399 

rhodamine and phenol under simulated sunlight, 1.0% C60/BiOCl had the vintage 400 

degradation rate constant. Fullerene C60 accepted electrons and rapidly transferred to 401 

the catalyst to react rapidly with contaminants, which caused a valid strengthen in 402 

degradation efficiency. The successful transfer of electrons to the non-localized 403 

π-bond structure of fullerenes allowed the charge of the composite catalyst to be 404 

continuously separated and continuously transferred, thus the reaction proceeds 405 

continuously. 406 

It is known to all that, invisible light energy in the ultraviolet region accounts 407 

for 4% of total sunlight energy, and most of the sunlight energy is occupied by 408 

visible light. Therefore, by introducing fullerenes as electron acceptors and 409 

transporters, the synthesis of novel composite photocatalysts is gradually being 410 

noticed. Among photocatalysts that function in the visible range, carbon nitride, with 411 

band gap as 2.7 eV, is a potential material that can achieve high reactivity. 412 
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Unfortunately, the photocatalytic efficiency of g-C3N4 is restricted because of the 413 

rapid recombination of electrons and holes. Bai et al. [72] used a simple 414 

conventional heat treatment process to synthesize C60/g-C3N4 composites. After C60 415 

modification, the photocatalytic activity of graphite phase carbonitride for degrading 416 

pollutant MB and phenol was greatly improved. Studies had shown that under 417 

experimental lighting conditions, the composites had good electron conductivity, 418 

which made these photoelectrons on g-C3N4 CB easy to transfer to C60 particles. C60 419 

quickly accepted electrons and transfers it to the surface of C60 to adsorb oxygen to 420 

form superoxide radicals, which in turn oxidized pollutants. The addition of 421 

fullerenes could effectively slow down the contact rate of electrons and holes, 422 

improved the survival time of photogenerated electrons, and enhanced the 423 

degradation efficiency. Chai et al. [130] prepared a fullerene-modified C3N4 424 

(C60/C3N4) composite by adsorption method, which had sensational reactivity. 425 

Experiment to degrade organic pollutant rhodamine as a target pollutant, and the 426 

excellent degradative energy was synergistic between C60 and C3N4. And this 427 

synergy facilitated electron transfer. Since the content of fullerene C60 in the 428 

composite catalyst had a great influence on its electron acceptor and transfer body, 429 

the research team found that when the mass fraction of C60 was 1%, the catalyst 430 

exhibited the largest electron transport efficiency and obtained the maximum 431 

photocatalytic efficiency. Mechanism of action of fullerenes in electron transport is 432 

illustrated in Figure 5.  433 
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 434 

Fig. 5. Mechanism of action of fullerenes in electron transport: (A) fullerene as an 435 

electron acceptor, (B) fullerene as an electron donor, (C) fullerene as electron 436 

acceptor and donor. 437 

2.4.1.2 Fullerene as energy-transfer mediator 438 

Through the above section, we know that fullerene C60 and its derivatives can 439 

act as electron acceptors in composite catalysts, the electrons are quickly accepted 440 

and moved to the catalyst, thereby greatly delaying the recombination rate, and then 441 

achieving the purpose of improving photocatalytic efficiency. Moreover, fullerene 442 

C60 and its derivatives can be directly used as energy-transfer mediator due to their 443 

unique optical properties. The mechanism of fullerene C60 as an energy transfer 444 

mediator is mainly related to the description of the photochemical path of C60 under 445 
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light excitation. When light is irradiated to the fullerene C60 in the ground state, the 446 

fullerene C60 absorbs energy, and the singlet state C60 changes to the singlet excited 447 

state C60. In order to reach a more stable state, it then undergoes intersystem 448 

crossing (ISC) to a longer-lived triplet excited state (
3
C60*). The ground state oxygen 449 

molecule (
3
O2) is an effective quencher for the triplet excited state fullerene C60. 450 

When triplet fullerene C60 contacts the ground state oxygen molecule, it transfers its 451 

own energy to the ground state oxygen molecule, and the ground state oxygen 452 

molecule is excited, then a singlet oxygen molecule (
1
O2) is formed (Type II energy 453 

transfer process) [131]. The singlet oxygen molecule has a strong oxidizing ability 454 

and can participate in the degradation of pollutants and the catalytic synthesis of 455 

organic matter. Due to the input of light energy in this whole process, the energy 456 

transfer process was completed with the help of fullerene C60 as an energy transfer 457 

mediator[129, 132-134]. 458 

C60 and its derivatives enhance the production of 
1
O2 with the aid of visible 459 

light (or sunlight) and utilize the oxidizing power of 
1
O2 for pollutant degradation 460 

and microbial inactivation. Lee et al. [109] used C60 aminofullerene to covalently 461 

bond with surface-functionalized silica gel to prepare a photocatalyst. The 462 

experimental results showed that C60 amino fullerene was uniformly dispersed on 463 

silica gel. Under visible light irradiation, compared with C60 amino fullerene 464 

aqueous solution, amino C60/silica photocatalyst had better kinetic enhancement for 465 

degradation of some drug contaminants and inactivation of MS-2 phage. On the one 466 
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hand, since the amino fullerene had a suitable band gap,  it as energy-transfer 467 

mediator to absorb light energy, then it could be excited by visible light to generate 468 

1
O2, and directly to remove contaminants. On the other hand, amino C60/silica 469 

enhanced photoreactivity because it prevented the aggregation of fullerenes on the 470 

silica, increased the reaction area to some extent, and finally achieved the purpose of 471 

delaying the electron self-quenching mechanism. Panagiotou et al. [129] used a 472 

dipping method to disperse fullerenes on the surface of silica, and the photocatalyst 473 

prepared thereby had high dispersibility and stability. The amount of C60 was 1-4% 474 

(w/w) range. Fullerene C60 was directly served as energy-transfer mediator to 475 

explore the photocatalytic activity of the catalyst by oxidative decomposition of the 476 

compound 2-methyl-2-heptene. After the fullerene was excited by light, absorbed 477 

energy and produced singlet oxygen to participate in the redox reaction, thereby 478 

effectively promoted photocatalytic efficiency.  479 

2.4.1.3 Fullerene as an electron donor 480 

As mentioned above, fullerenes have been widely accepted as accepting 481 

photogenerated electrons from photoexcited semiconductors. However, some 482 

experimental and theoretical studies have also observed the transfer of photoexcited 483 

electrons from fullerenes to semiconductors. It is due to the electron transfer process 484 

of fullerene under light irradiation that fullerene act as photosensitizer to provide 485 

electrons to semiconductor materials. Kamat et al. [135] reported that they used 486 
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different testing techniques to study the charge transfer process between 487 

semiconductor nanomaterials and fullerene materials, and found that fullerene C60 488 

was photoexcited and photogenerated electrons transfer from C60 to the surface of 489 

TiO2. Later, Makarov et al. [136] experimentally measured the change in 490 

conductivity of the fullerene layer. The results showed that the TiO2-C60 multilayer 491 

structure is photosensitive. 492 

In summarizing the work of the predecessors, the researchers fully explained 493 

the photosensitivity effect of fullerenes. The general processes of this action are as 494 

follows: the electrons in the highest occupied orbit of fullerenes are first excited by 495 

light to the lowest unoccupied orbit of fullerenes, and then the photogenerated 496 

electrons in the fullerene are transferred and they are impregnated into the CB of the 497 

semiconductor material. Finally, the reduction reaction is completed on the surface 498 

of the semiconductor to exert its function as a electron donor. 499 

Generally, fullerenes have a special morphological structure and a strong 500 

electronic structure. When it is compounded with other catalysts and attached to its 501 

surface, it acts as a electron donor. Therefore, it participates in the photochemical 502 

process of the photocatalyst surface and sensitizes the photocatalyst. Recently, 503 

Grandcolas et al. [116] had explored a simple preparation of C60 sensitized TiNTs 504 

composites used an organic solvent impregnation process, the effect of explored 505 

fullerene concentration on the preparation of TiNT was analyzed. The adhesion of 506 

fullerene substances to TiNTs was evaluated. They found that C60 sensitization 507 
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effectively enhanced the removal of gaseous organic pollutants. The removal of the 508 

contaminant isopropanol under visible light showed higher efficiency. Meng et al. 509 

[113] synthesized a fullerene and titanium dioxide composite nanophotocatalyst, and 510 

the fullerene used in the experiment was treated with rare earth oxide, and the 511 

composite catalyst exhibited a single anatase phase. The results revealed that the 512 

yttrium-fullerene/TiO2 composite had good photodegradation activity of the organic 513 

dye methylene blue. Fullerene was used as a electron donor in a composite catalyst 514 

formed after the combination of fullerenes and TiO2 nanomaterials, and when it was 515 

excited by visible light, the photogenerated electrons were transferred by the 516 

photosensitizer and reacted to the surface of the semiconductor material. It was 517 

owing to the coordinate reaction of TiO2, fullerene and yttrium that 518 

yttrium-fullerene/TiO2 had good light absorption. On account of its good light 519 

absorption properties, the composite catalyst had good photocatalytic activity. 520 

In addition, the research team also studied the preparation of platinum-treated 521 

fullerene and titanium dioxide composite nanocomposites by the same method [137]. 522 

Fullerenes were distributed on the titanium dioxide material and reached a good 523 

dispersion state, and the metal also had a high degree of dispersion on fullerene and 524 

titanium dioxide, therefore, the composite catalyst had an excellent catalytic effect 525 

on the removal of MO. Pt could delay the recombination of charge pairs and 526 

captured electrons. Therefore, Pt-TiO2 had good adsorption properties and could 527 

improve the catalytic activity of the material.  528 
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When fullerenes are combined with semiconductor materials, fullerene is acted 529 

as a electron donor after being excited by light, realize the transport of electrons to 530 

semiconductor materials and also enhances the BET surface area effect of fullerenes 531 

due to its photosensitivity. This effect of fullerene nanomaterials has not been fully 532 

explored in the treatment of pollutants, but also in photocatalytic water cracking. For 533 

example, Song et al. [138] successfully prepared C60 and Cr2×xFexO3 composite 534 

nanostructured photocatalysts by simple absorption process and used it for 535 

photocatalytic H2 production. The results showed that photoelectrons achieved high 536 

mobility at the C60 and Cr2-xFexO3 interfaces, this was owing to the strong 537 

interaction of this composite catalyst with the internal d of the conjugated 538 

three-dimensional π-system. After the composite photocatalyst was synthesized by 539 

C60, the light absorption intensity of the composite catalyst containing 3% C60 was 540 

the largest, which was mainly because of the effect of C60 as a electon donor to 541 

provide electrons on the composite catalyst. 542 

According to the previous analysis, we have basically understood that C60 plays 543 

an important role in the electron transfer system, that is, the electron acceptor and 544 

the electron donor. As far as we know, there are mainly two conditions affect the 545 

electron transfer process, one is light and the other is the band structure of 546 

semiconductor materials [72, 137, 139-141]. When C60 is combineed with a wide 547 

band gap semiconductor material, and irradiated with visible light, the part of 548 

semiconductor cannot be excited, and C60 can be excited by visible light to generate 549 
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photo-generated electrons. The level of the conductive band of a semiconductor 550 

material is lower than the reduction potential of C60, so photo-generated electrons 551 

can be easily transferred from the conductive band of C60 to the molecules where C60 552 

interacts with the semiconductor material. In this electron transfer process, C60 acts 553 

as an electron donor to provide electrons to participate in the reaction. In some 554 

ternary photocatalysts with proper energy level relationship, C60 can be excited by 555 

visible light to transfer electrons to the conduction band of a narrow band gap 556 

material, and also participate in the reaction as an electron donor. 557 

When C60 is compounded with a semiconductor material that responds to 558 

visible light, it reacts under visible light to generate photo-generated electrons that 559 

are transferred to C60. These electrons are accepted by the C60 electron acceptor. 560 

From another perspective, when semiconductor material is UV-responsive, the 561 

electrons excited by UV light are transferred to C60, and the electrons are accepted 562 

by fullerene. In both cases, C60 acts as an electron acceptor to participate in 563 

photocatalytic reactions. 564 

2.4.1.4 Fullerene as electron acceptor and donor 565 

Through the analysis of the above subsections, we know that fullerenes and 566 

their derivatives play an important role in the electron and energy transfer process of 567 

photocatalytic reactions. As an electron acceptor, energy transfer-mediator, electron 568 

donor. It is precisely because of the excellent effects of fullerenes and their 569 
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derivatives that the efficiency of photocatalytic reactions is significantly improved. 570 

According to our research, we found that there is another path for electronic transfer. 571 

That is, fullerene is used as an electron acceptor in the complex system, and at the 572 

same time, it can be excited by light to generate photogenerated electrons and holes, 573 

and the electrons are transferred to another material to generate radicals or a 574 

reduction reaction. Meng et al. [142] prepared a composite photocatalyst of WO3 575 

modified fullerene/TiO2. Due to the narrow band gap of WO3, photogenerated 576 

electrons can be generated under illumination and transferred to the fullerene surface. 577 

At this time, fullerenes act as electron acceptor, and at the same time, fullerenes are 578 

photoexcited for electron transfer, and electron flow to TiO2 due to the suitable 579 

conduction band of the three species. 580 

2.4.2 Effect of fullerene on composite materials 581 

The photocatalytic performance of a composite material is not only related to 582 

the chemical properties of the material, but also the morphology and structure are 583 

also important influencing factors. In addition to electron transport and energy 584 

transfer, fullerenes and their derivatives have a great influence on composite 585 

materials in photocatalytic reactions. Specifically, it includes three aspects, 586 

regulating the growth mode of the crystal to obtain a better morphology structure, 587 

reducing the deactivation rate of the material in the reaction to ensure the stability of 588 

the catalyst, and adjusting the band gap of the composite material to obtain a higher 589 
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light absorption range. The specific role of fullerenes in composites will be 590 

discussed in detail in the following sections. 591 

2.4.2.1 Regulation of crystal growth 592 

Fullerene C60 plays a role similar to templating and dispersing agents in 593 

regulating the crystal growth of composites [128]. When fullerene C60 is added in 594 

the synthesis of composite materials, the solid-liquid interface energy of different 595 

growth crystal planes will be changed, and the growth rate of each crystal plane will 596 

be adjusted. Different crystal planes have different growth rates, when C60 is added, 597 

the growth of a certain crystal plane is inhibited, and finally the growth mode and 598 

morphological characteristics of the semiconductor material crystal are changed 599 

[72]. 600 

When synthesizing composite materials, fullerene C60 can regulate the crystal 601 

structure of semiconductor materials in order to obtain better morphology structure. 602 

It is well known that having good morphology is likely to have high photocatalytic 603 

efficiency in photocatalytic reactions. Ma et al. [128] prepared C60/BiOCl 604 

composites by in-situ hydrothermal method. The experimental results show that the 605 

addition of C60 slightly increases the surface area of the raw materials, and thus 606 

more surface active sites can be obtained. More importantly, the addition of C60 607 

effectively inhibited the growth of BiOCl {001} crystal plane. It was found that the 608 

vibration of Bi-Cl in the composite material was blue-shifted, indicating that the two 609 
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materials were not simply physically mixed. The morphology of the composite is 610 

significantly different from that of a single BiOCl, C60 plays a regulatory role in the 611 

growth of BiOCl microsphere. Bai et al. [72] found that in the C60/g-C3N4 composite, 612 

the TEM image can be used to analyze the composite material with higher 613 

crystallinity and better crystal morphology. This also showed that fullerenes had a 614 

certain effect on the crystal structure of carbon nitride. The regulation of the crystal 615 

structure of the composite by fullerene allows the composite to have good 616 

morphology and high crystallinity, thereby effectively increasing the reactivity of the 617 

composite photocatalyst. 618 

2.4.2.2 Reduce material deactivation rate 619 

Photocatalytic technology has many applications in the fields of environmental 620 

remediation and clean energy generation. On the one hand, materials selected as 621 

photocatalysts must first have good photocatalytic activity to ensure the high 622 

efficiency of photocatalytic reactions. On the other hand, from the perspective of 623 

resource conservation and practical application, the prepared catalyst should have 624 

good stability and environmental tolerance. Therefore, it is important to ensure the 625 

activity of the catalyst in the photocatalytic reaction and prevent the deactivation of 626 

the photocatalyst. 627 

The general mechanisms of the inhibition of fullerene C60 and its derivatives on 628 

the deactivation rate of composite materials are mainly manifested in two aspects. 629 
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The semiconductor in the composite material may have polycrystalline and 630 

amorphous structures in the crystal structure during the photocatalytic reaction, 631 

causing the loss of some elements, which in turn leads to a decrease in the driving 632 

force of the lattice and the activity of the material. After hybridization with fullerene 633 

C60, a dense monomolecular layer is formed on the surface of the semiconductor 634 

material, fullerene C60 is similar to support material and protects material from 635 

deactivation [143]. There is a close interaction between them, which protects the 636 

crystal lattice of the composite material from being changed. Some bonds of 637 

semiconductor materials exist in an unsaturated state (such as oxygen atom bonds). 638 

After the reaction, the crystal structure of the semiconductor material collapses, 639 

forming a series of defect sites, and fullerene C60 anchoring in these vacancies 640 

enhances the binding ability with semiconductors, eventually suppresses material 641 

deactivation [127, 144]. 642 

In composite photocatalysts modified with fullerenes and their derivatives, for 643 

some unstable semiconductor materials, the absence of elements or the increase of 644 

molecular surface defect sites may occur during the reaction. These materials are 645 

then gradually lost as the reaction progresses, and the activity is greatly reduced. 646 

When the fullerene is added, the photochemical corrosion process of the 647 

semiconductor can be effectively suppressed, thereby ensuring the photocatalytic 648 

efficiency of the composite photocatalyst. For example, Du et al. [144] prepared a 649 

C60/Bi2TiO4F2 composite photocatalyst to achieve good results in depolymerization 650 
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of lignin. It was found that when a single Bi2TiO4F2 was reacted as a photocatalyst, 651 

the material deactivation rate was high. As the reaction progressed, the loss of Bi in 652 

the material became more and more serious. It was observed that the edge of the 653 

crystal lattice was blurred, and a polycrystalline or amorphous structure appeared, 654 

which caused the lattice driving force to be weakened, thereby reduced the 655 

photocatalytic ability. In the C60/Bi2TiO4F2 composite, the activity of the material 656 

was obviously improved, which was attributed to the close interaction of C60 and 657 

Bi2TiO4F2, which reduced the loss of Bi element, ensured the stability of the 658 

material and improved the photocatalytic efficiency. Fu et al. [127] found that ZnO 659 

as a photocatalyst had strong photocorrosion due to enhanced activation of surface 660 

oxygen atoms. C60 bonded to the surface of ZnO and formed a monolayer. After 661 

introduced C60, it can occupy the defect site of ZnO surface and act as the anchor 662 

point of C60, which reduced the activation of surface oxygen atoms and inhibited the 663 

deactivation of ZnO. Ju et al. [143] found that in ZnAlTi-LDO supported C60@AgCl 664 

nanoparticles, because C60 has a non-localized conjugated structure, it is easy to 665 

form a core-shell structure of C60@AgCl, which in turn encapsulates AgCl and 666 

inhibits photochemical corrosion. 667 

2.4.2.3 Adjust the band gap structure 668 

When fullerene C60 and its derivatives are compounded with semiconductor 669 

materials, they will form a strong interaction with semiconductor materials. Such as 670 
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forming chemical bonds (metal-C-O bonds), hybridizing structures, or producing 671 

irreversible structural distortions (structural strains) [120, 145]. The formation of 672 

chemical bonds causes changes in the bond length and bond energy of 673 

semiconductor materials, which changes the band structure. The formation of a 674 

hybrid structure introduces impurity energy levels between semiconductor energy 675 

bands to regulate the band gap width. The adsorption of fullerene C60 on 676 

semiconductor materials will cause structural distortion, which will cause the 677 

conduction band and valence band of the semiconductor to move and change the 678 

band structure.  679 

In the research of heterojunction composite photocatalysts, people have done a 680 

lot of exploration. At present, five types of heterojunction structures are mainly 681 

studied, they are conventional heterojunctions, p-n heterojunctions, direct Z-scheme 682 

heterojunctions, surface heterojunctions, and semiconductor-graphene (SC-graphene) 683 

heterojunctions. Typically, there are three types of conventional heterojunction 684 

photocatalysts, those with a straddling gap (type-I), those with a staggered gap 685 

(type-II), and those with a broken gap (type-III) [146, 147]. Ma et al. [120] found 686 

that in most cases, the general composite system showed a type-I heterojunction, 687 

which was not conducive to the efficient separation of photogenerated carriers. 688 

When the C60/g-C3N4 complex was formed, the DOS change was small, indicating 689 

that the electron interaction between C60 and g-C3N4 was weak, so electron transfer 690 

was not a major factor. After the addition of C60 to g-C3N4, the adsorption of C60 691 
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caused the structure of the g-C3N4 monolayer to change from plane to wrinkle and 692 

was irreversibly distorted, thereby moved the band edge to a lower position. As far 693 

as we know, semiconductors with lower valence bands have stronger 694 

photo-oxidation ability, which enhances the photocatalytic effect. This shows that 695 

fullerene C60 has a certain regulation effect on the band gap of semiconductor 696 

materials, and this effect has been found in many studies. Kanchanatip et al. [148] 697 

prepared a C60 modified metal vanadium doped TiO2 composite catalyst C60/V-TiO2. 698 

The band gap of the catalyst before and after C60 modification was compared. It can 699 

be seen that the band gap of the composite material was significantly reduced, and 700 

the activation under visible light was easier than that of a single V-TiO2. 701 

3. Factors affecting material effectiveness and synthesis strategy 702 

3.1 Factors affecting material effectiveness 703 

In the previous sections we explored the role of fullerenes in photocatalytic 704 

reactions, including their roles in electron transfer and their effects on composites. 705 

We know that fullerenes have these excellent properties to improve the efficiency of 706 

photocatalytic reaction, but there are still some unfavorable factors that limit the 707 

application of fullerenes and their derivatives in photocatalysis. It is necessary to 708 

point out and propose strategies.  709 

In addition to the many excellent properties of fullerenes, there are some 710 
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application limitations for fullerenes. First, we consider the water solubility of 711 

fullerene C60 and dispersion in aqueous solution, the solubility and dispersion of 712 

single fullerene and fullerene that has not been modified in aqueous solution is very 713 

low. Therefore, the photocatalytic reaction efficiency of fullerenes in the aqueous 714 

phase is limited. In order to enhance the solubility and dispersion of fullerenes in 715 

aqueous solution, and to improve the photocatalytic activity, we summarize the 716 

following treatments: (1) Mechanical dispersion-stabilization of C60 [149], such as 717 

ultrasonic dispersion or solvent exchange methods [150]. However, these methods 718 

generally only obtain metastable C60, which eventually repolymerizes, possibly 719 

resulting in uncontrolled modification of the C60 surface. (2) Synthesis of 720 

water-soluble fullerene derivatives by chemical functionalization with hydrophilic 721 

groups of pristine fullerene [151]. However, to the best of our knowledge, this soft 722 

derivatization process maintains the tendency of these amphiphilic C60 derivatives to 723 

repolymerize, affecting the reactivity of fullerenes. And in some cases multiple 724 

functionalization can lead to changes in the unique structure of fullerenes, which has 725 

a negative impact on specific performance, limiting the practical application. (3) Use 726 

dispersant to help C60 achieve good dispersion in aqueous solution, such as 727 

surfactants, block copolymers, amphiphilic polymers, micelles [152, 153]. The use 728 

of surfactants is the most effective treatment and can be effectively dispersed when a 729 

large amount of C60 is contained. And the obtained fullerene has aggregates of 730 

different sizes, which may exist in the hydrophobic core of the dispersant or on the 731 



38 

 

surface of the dispersant. (4) Dispersed by a suitable carrier having a hydrophobic 732 

core. Generally used are γ-cyclodextrins, calixarenes and other 733 

macrocyclic-containing molecules [154, 155]. The supramolecular approach is the 734 

most effective way to obtain monodispersed pristine fullerenes. However, it is also 735 

common for fullerenes to aggregate in subsequent reactions and may be somewhat 736 

toxic to certain organisms. Fortunately, in recent studies [156], it had been found 737 

that a composite photocatalyst obtained by combining an organic substance such as 738 

a protein and fullerene exhibits monodispersion in an aqueous solution. The 739 

composite had no aggregate of C60 molecules, and can stably maintain several 740 

months even in a salt solution. The composite system did not require an additional 741 

electron donor (protein residues acted as electron donors) in the photocatalytic 742 

reaction to significantly affected the light-induced ROS process, and the protein 743 

environment strongly reduced the quenching effect of water molecules on singlet 744 

oxygen. The catalyst can effectively inhibit the aggregation of fullerenes, thereby 745 

improving the photocatalytic efficiency. 746 

The experimental conditions in the preparation of photocatalysts based on 747 

fullerene and its derivatives also affect the properties of the composite under certain 748 

conditions. In general, the most influential is the concentration of fullerenes, and the 749 

concentration of fullerenes largely affects the crystal size of fullerenes in the 750 

composite [127]. When the amount of fullerene is insufficient, it is obviously unable 751 

to have the best reactivity, but when the fullerene is too much, large aggregates are 752 
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formed, and the crystal size in the composite material becomes large, which is 753 

disadvantageous for the transfer of light-induced electrons. It is also possible to 754 

reduce light absorption, which ultimately leads to reduced efficiency. 755 

In addition, the pH value of the reaction solution also affects the properties of 756 

the composite material. Krishna et al. [106] found that under acidic conditions, the 757 

surface of the TiO2 nanoparticles was positively charged, and the surface of the 758 

polyhydroxyfullerene was negatively attracted to the surface of the TiO2. The 759 

density was increased, which in turn increased the catalytic efficiency. On the 760 

contrary, polyhydroxy fullerenes were repelled on the surface of TiO2 under alkaline 761 

conditions, so that the adsorption density was lowered, the surface charge was not 762 

changed, and the catalytic efficiency was not high. And under suitable pH conditions, 763 

it is not necessary to synthesize chemical bonds by methods such as sol-gel to 764 

strengthen the interaction between the materials, and thus has a strong affinity. 765 

3.2 Synthesis strategy of fullerene modified photocatalyst 766 

In this subsection, the synthesis methods commonly used in experimental 767 

studies of catalysts of fullerene C60 and its derivatives are mainly introduced. The 768 

preparation method of the catalyst has great experimental significance for the 769 

fullerene-based composite materials, which not only affects the morphological 770 

structure of the materials, more importantly, but also has a serious impact on its 771 

photocatalytic efficiency. Choosing the ideal preparation method is critical to 772 
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achieving optimal photocatalytic efficiency. In all preparation methods, the easiest 773 

way is to simply mix, grind or calcine fullerenes and inorganic materials; complex 774 

methods involve multiple different processes. This article is mainly based on the 775 

successful preparation methods mentioned in the literature on photocatalysis of 776 

fullerene/semiconductor composites. By analyzing the results reported in the 777 

literature, the current composite methods are simple mixing, sol-gel method, 778 

hydrothermal method, solvothermal method and impregnation method. In addition, 779 

other preparation methods are also discussed including chemical vapor deposition, 780 

ultrasonic method and so on.  781 

Composite photocatalysts with various micro/nano structures were prepared by 782 

changing the experimental conditions, containing synthesis methods, pH and time of 783 

action and reaction temperature, and the surface activity of the catalyst. The 784 

following sections describe in detail the relevant preparation methods of 785 

fullerene-based catalysts. The synthesis methods of fullerene-based photocatalysts 786 

were shown in Table 1.787 
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Table 1.Methods for synthesizing fullerene-based photocatalysts. 788 

Photocatalyst Preparation method Reactant solution Main precursors Processing temperature Ref 

TiO2/C60 impregnation method 1,2-dichloro-benzene titanium isopropoxide 180 °C [157] 

SiO2/C60 impregnation method dichlorobenzene silicon(IV) oxide amorphous fumed 180 °C [129] 

C60/MCM-41 impregnation method 1,2-dichlorobenzene CTAB, TEOS, polypropylene 180 °C [158] 

Ag3PO4/C60 impregnation method ethanol AgNO3,NaH2PO4 -40 °C [159] 

Fe2O3/C60 impregnation method benzene FeCl3,m-chloroperoxybenzoic acid 60 °C [160] 

C60/MCM-41 impregnation method 

cetyltrimethylammonium 

bromide 

cetyltrimethylammonium bromide 

tetraethylorthosilicate 

polypropylene 

180 °C [134] 

C60/γ-Al2O3 impregnation method 1,2-dichlorobenzene γ-alumina 180 °C for 4h [161] 

TiO2/C60 impregnation method ethanol, toluene anatase TiO2, NaOH 350 °C [116] 
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C60/SiO2/Fe3O4 impregnation method toluene/ethanol Fe(NO3)3•9H2O, TPSA 60 °C [112] 

WO3/TiO2/C60 sol-gel method benzene 

MCPBA, TNB 

H26N6O40W12•xH2O 

heat treat 600 °C [142] 

Pt/TiO2/C60 sol-gel method benzene MCPBA, H2PtCl6•nH2O, TNB heat treat 500 °C for 1h [137] 

C60/V-TiO2 sol-gel method toluene 

titanium(IV) isopropoxide, 

acetylacetone, acetone, 

ammonium metavanadate 

180 °C for 4 h [148] 

CoS2-C60/TiO2 sol-gel method 

3-chloroperoxybenzoic 

acid 

TCPBA , CoCl2, Na2S2O3,TNB 400 °C  [123] 

MoO3-TiO2/C60 sol-gel method iso-propanol/ethanol 

CTAB ,titanium (IV) butoxide 

ammonium heptamolybdate 

500 °C for 2h [162] 

C60/CNTs/g-C3N4 hydrothermal method ethanol CNTs, g-C3N4, ethanol 180 °C for 3 h. [163] 
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Ag3PO4/Fe3O4/C60 hydrothermal method toluene 

NaOH ,(NH4)2FeSO4•6H2O, 

NaBH4,Na2HPO4,AgNO3 

180 °C for 20 h [58] 

C60/graphene/g-C3N4 hydrothermal method ethanol urea, graphene 550 °C for 3 h [164] 

BiOCl/C60 hydrothermal method HNO3 Bi(NO3)3·5H2O, KCl ,nitric acid 180 °C for 24 h. [128] 

WO3@C60 hydrothermal method benzene m-chloroperbenzoic acid 80 °C for 24 h [165] 

Bi2MoO6/C60 hydrothermal method toluene Na2MoO4, Bi(NO3)3 180 °C for 12 h [166] 

TiO2/C60 solvothermal method toluene Ti(OC3H7)4, 80 °C for 12h [167] 

Bi2TiO4F2/C60 solvothermal method toluene 

Bi(NO3)3·5H2O,ethylene glycol, 

TiF4, tert-butyl alcohol 

160 °C for 24 h [168] 

ZnO/C60 solvothermal method toluene ZnO 80 °C for 10 h [127] 

Cr2-xFexO3 /C60 adsorption method toluene 

Cr(NO3)3·9H2O, Fe(NO3)3·9H2O, 

C6H8O7, C2H6O2, C6H15NO3 

80 °C for 12 h [138] 



44 

 

Bi2WO6/C60 adsorption method toluene Na2WO4, Bi(NO3)3 80 °C for 10 h [169] 

C3N4/C60 adsorption method toluene urea 80 °C for 12 h [130] 

SiO2/C60 evaporation method toluene ascorbic acid, SiO2 - [141] 

CdS/TiO2/C60 evaporation method toluene 

Cd(NO3)2·4H2O, Na2S 

titanium tetrachloride 

400 °C for 4 h [139] 

PTCDI-C60 ultrasonication method sulfuric acid 

perylene tetracarboxylic diimide 

sulfuric acid 

- [170] 

TiO2/THF-nC60 simple mixing method mesotrione CH3CN, TiO2 Hombikat,EDTA - [67] 

Zn/Ti-LDH/C60 co-precipitation method toluene 

HNO3, Zn(NO3)2·6H2O, 

Urea, TiCl4, NaOH 

80 °C for 12 h. [171] 

C60/g-C3N4 thermal treatment - dicyandiamide 550 °C for 4 h [72] 

AgCl/C60 coprecipitation method ethylene glycol NaCl, AgNO3, ZnAlTi-LDO 60 °C for 12 h [143] 
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CoPc/C60 reprecipitation method N-methyl-2-pyrrolidone 

cobalt phthalocyanine 

methylpyrrolidone 

−45 °C for 2 h [70] 

g-C3N4/C60 mechanochemical method - dicyandiamide, LiOH 550 °C for 4 h [172] 

ZnFe2O4@C60 
hydrothermal and 

calcination methods 
- 

Fe(NO3)3⋅9H2O, 

Zn(NO3)2⋅6H2O 

400 °C for 2 h [173] 

CdS/C60 

interfacial precipitation 

method 

toluene CdSO4, Na2S, polyvinyl pyrrolidone - [85] 

SnO2/C60 

interfacial precipitation 

method 

toluene 

tin (IV) chloride pentahydrate 

ammonium nitrate 

180 °C for 12 h [174] 

WO3/C60@Ni3B/Ni(OH)2 

facile photo-deposition 

method 

triethanolamine 

NiCl2⋅6H2O, NaBH4, NaOH 

NaH2PO2 

- [175] 
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3.2.1 Hydrothermal method 789 

It is described in the literature that fullerene-semiconductor nanocomposites 790 

can be rapidly prepared by a direct hybrid method. The preparation procedure is 791 

simple and the photocatalyst is also somewhat effective. The main disadvantage is 792 

that the connection between fullerenes and inorganic semiconductors is too simple 793 

and structurally unstable, resulting in a catalytic effect that is not very stable. Bai et 794 

al [66] synthesized polyhydroxy fullerene (PHF) and TiO2 nanocomposites by 795 

physically mixing two components in an aqueous suspension. Dispersed anatase 796 

TiO2 nanoparticles directly in water, the TiO2 suspension was treated under 797 

ultrasound for 30 minutes. The PHF solution was then added and mixed with the 798 

suspension for 10 minutes. However, the photocatalyst prepared by the simple 799 

mixing method did not achieve the desired catalytic effect. 800 

Because the simple mixing methods often fail to achieve the desired 801 

experimental results, therefore, many studies no longer try this method. The 802 

hydrothermal method can obtain a well-crystallized nanomaterial at a low 803 

temperature, thereby avoiding material agglomeration and morphological changes 804 

caused by high-temperature calcination, and generally obtaining a composite 805 

material having good shape and appearance. The basic principle of hydrothermal 806 

method is dissolution-recrystallization. The high-temperature and high-pressure 807 

aqueous solution is used to dissolve a substance which is insoluble or poorly soluble 808 
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under normal conditions, or react to form a dissolved product of the substance. 809 

Crystals are precipitated by controlling the temperature difference of the solution in 810 

the autoclave to cause supersaturation. Moreover, the prepared crystals have good 811 

orientation, other substances can be uniformly doped during crystal growth, and is 812 

convenient for adjusting the ambient atmosphere during crystal formation. 813 

 814 

Fig. 6. (A) High-resolution (HR) TEM images of TiO2 nanorods; (B) High-resolution (HR) TEM 815 

images of C60/TiO2; (C) XRD patterns of TiO2 nanorods and C60/TiO2 [176]. Copyright 2009 816 

American Chemical Society. 817 

As mentioned above, because hydrothermal methods have these good 818 

advantages, many researchers use this method to prepare fullerene-based 819 

photocatalysts. Long et al. studied the C60-doped TiO2 nanocomposites, they used 820 

hydrothermal methods to synthesize the composite. By analyzing the XRD and TEM 821 

images, it can be known that the C60 cluster was successfully incorporated into the 822 

TiO2 nanorods without changing its crystal phase (Fig.6). The experiment first 823 
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produced water-soluble C60, then prepared TiO2 nanorods, and then prepared the 824 

mixture by hydrothermal method. The optical properties of the two samples changed, 825 

absorption edges of them around 400 nm, and at the same time the band gap of TiO2 826 

is 3.1 ev. Through hydrothermal method the surface charge of composite substance 827 

increased , and there were some electronic interactions between them [176]. 828 

Furthermore, Ma et al. used typical hydrothermal method (453K, 24 hours) to 829 

prepare BiOCl photocatalyst modified by C60, and the composite material had a 830 

microsphere structure (Fig.7A-D) .According to XRD, XPS and Raman results, we 831 

can estimate that there may be some chemical interaction between the two materials 832 

(Fig.7G,H). Compared with bare BiOCl, it could be clearly seen that the 833 

modification of BiOCl with C60 effectively protected the crystal phase of BiOCl, 834 

thereby improved the stability of BiOCl. And we can know that the modified 835 

catalyst morphology is completely different from the unmodified catalyst 836 

morphology, indicating that C60 has a profound impact on the construction of 837 

C60/BiOCl microspheres, C60 plays a key role in regulating the growth and 838 

morphology of microsphere-like BiOCl [128].  839 
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 840 

Fig.7.SEM of BiOCl (A) and 1.0% C60/BiOCl (B) and (C), EDS of 1.0% C60/BiOCl (D)，TEM 841 

of 1.0% C60/BiOCl (E) and HRTEM 1.0% C60/BiOCl (F), and XRD patterns of the C60/BiOCl 842 

(G), the enlargement of [001] diffraction peak (H), UV–Vis DRS of the C60/BiOCl, inset is band 843 

energy level of the bare BiOCl (I), the schematic diagram of microsphere formation (J) [128]. 844 

Copyright 2018 Elsevier. 845 

3.2.2 Solvothermal method 846 

The researchers developed a solvothermal method based on hydrothermal 847 

method, using organic or non-aqueous solvents as solvents, and then reacting the 848 

mixture at a certain temperature [177]. Hydrothermal method is commonly used to 849 

prepare oxide photocatalysts or some water-insensitive sulfur-containing compounds, 850 

but it is not very suitable for the preparation of water-sensitive compounds. The use 851 

https://www.sciencedirect.com/topics/chemistry/high-resolution-transmission-electron-microscopy
https://www.sciencedirect.com/topics/chemistry/uv-vis-spectroscopy
https://www.sciencedirect.com/topics/chemistry/electronic-band-structure
https://www.sciencedirect.com/topics/chemistry/electronic-band-structure
https://www.sciencedirect.com/topics/chemistry/microsphere
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of non-aqueous solvents allows solvothermal method to expand the range of 852 

solvent-based materials. The process of preparing photocatalyst by solvothermal 853 

method is mainly divided into nucleation, dissolution, recrystallization and growth 854 

[4]. 855 

Solvothermal methods can also obtain well-crystallized nanomaterials at low 856 

temperatures, avoiding material agglomeration and morphological changes caused 857 

by high temperature calcination, and generally obtaining better morphological 858 

products. It is because of these special synthetic pathways of solvothermal method 859 

that researchers have conducted extensive explorations. Li et al. [168] synthesized a 860 

catalyst for the complexation of C60 with Bi2TiO4F2 used a simple solvothermal 861 

method. The results showed that the light absorption range and photocurrent effect 862 

of the composite material was greatly enhanced. The activity of this photocatalyst 863 

was greatly improved due to the intensive interaction between the two materials and 864 

the formation of internal heterojunctions. Using lignin as a simulated pollutant, the 865 

photocatalytic degradation efficiency of C60 modified Bi2TiO4F2 composite catalyst 866 

was studied by Du et al. [144]. They performed photoluminescence spectroscopy on 867 

composite materials, the results showed that the photoluminescence strength of 868 

C60/Bi2TiO4F2 was lower than other samples. In terms of optical properties, this 869 

composite absorbed light from various regions compared to its monomeric material. 870 

Qi et al. [167] successfully synthesized fullerene-modified TiO2 composites. The 871 

method they used was also solvothermal method. C60 exhibited high dispersibility 872 
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and structural disorder on the composite, and did not change the crystal phase of 873 

TiO2 with its addition. The results showed that the original catalyst was greatly 874 

changed after the addition of fullerene to the surface of the original catalyst. The 875 

band gap of the original catalyst was reduced, and an additional doping state was 876 

added. The original band gap structure was changed, thereby improved the activity 877 

of the photocatalyst and enhancing the reaction efficiency.  878 

3.2.3 Sol-gel method 879 

Among several synthetic methods, the sol-gel method is relatively simple. The 880 

prepared nanomaterials generally have a high purity, and the obtained catalyst has a 881 

relatively uniform particle size. Generally, the sol is prepared first, and the sol and 882 

fullerene are uniformly mixed, then aged to form a gel, and then calcined at a high 883 

temperature to form a composite material. The main disadvantage of this method is 884 

that it does not control the morphology of the material well. At present, about a 885 

quarter of the literatures on fullerene semiconductor composites are prepared by 886 

sol-gel method, of which TiO2-C60 is the main one. Oh et al. [178] prepared 887 

photocatalysts of C60 and Vanadium-C60 combined with TiO2, respectively. The 888 

method used was simple and rapid sol-gel method, the flow chart of the preparation 889 

materials was shown in the figure (Fig.8A). Structural changes and surface 890 

morphology changes of the two composites were investigated. Good dispersion of 891 

small particles on the surface of fullerenes provided many active sites (Fig.8B-D). 892 
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The C60 /TiO2 composite composite consists of two phase materials, while the other 893 

nanocomposite contains a single phase (Fig.8E). Navgire et al. [162] also 894 

synthesized fullerene-doped MoO3-TiO2 composites by sol-gel method. The average 895 

particle size of MoO3-TiO2 after fullerene doping was 20 to 33 nm. It can be seen 896 

from the experimental data that the synthesized material exhibited a highly 897 

crystalline particle state. The formed material had a porous surface with small pores 898 

and a narrow band gap. The band gap of MoO3-TiO2 was 2.81 eV, and the band gap 899 

of fullerene-doped MoO3-TiO2 became 2.71 eV, and which had a significant 900 

decrease. The experiment also compared the photodegradation efficiency of these 901 

catalysts, and the latter achieved the best efficiency. 902 

 903 

Fig.8.(A) Preparation procedure of C60/TiO2 and V–C60/TiO2 composite. SEM and FE-SEM 904 

micrographs of C60/TiO2 and V–C60/TiO2 composites: (B) CT, (C) VCT1, and (D) VCT2, (E) 905 

XRD patterns of C60/TiO2 and V–C60/TiO2 composite [178]. Copyright 2010 Elsevier. 906 

Meng et al. also synthesized a photocatalyst of fullerene and TiO2 composite by 907 

sol-gel method. They used titanium n-butoxide and cerium nitrate as raw materials, 908 
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and prepared the catalyst by sol-gel method and treated the fullerene with rare earth 909 

oxide. The photocatalyst had a structural morphology of uniform powder and 910 

contained aggregates of particles. From the XRD pattern of the composite 911 

nanomaterial, we know that different yttrium-doped γ-fullerene/TiO2 prepared under 912 

this conditions exhibite anatase phase structure [113]. Meng et al. also prepared a 913 

platinum treated fullerene/TiO2 composite. They used the same sol-gel method to 914 

synthesize the composite catalyst. Pt particles and fullerenes were combined with 915 

different functional groups, and had good and uniform distribution with TiO2. Small 916 

particles that were well dispersed in the photocatalyst provide more reactive sites for 917 

highly polymerized reactants. The fullerene in the composite nanomaterial was well 918 

dispersed on titanium dioxide nanoparticles and had a size of about 10-20 nm [137]. 919 

3.2.4 Impregnation method 920 

The impregnation method has the advantages of simple operation compared 921 

with the hydrothermal method, and the solvothermal method. And the catalyst 922 

nanomaterial prepared by this method has small particles and high dispersibility. 923 

Apostolopoulou et al. dispersed different quantity of C60 on nano-titanium dioxide to 924 

form a photocatalyst of fullerene and TiO2 composite. Their simple continuous 925 

impregnation method was an effective synthesis method. Various types of 926 

photocatalysts were prepared by depositing different amounts of C60 on the titanium 927 

dioxide particles. The diffraction peak caused by anatase did not move, which 928 
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indicated that the crystal structure of the composite catalyst was the same as before. 929 

Furthermore, it was found from the experimental results that the average particle 930 

diameter of the composite catalyst particles increased as the C60 loading increases 931 

[157]. Grandcolas et al. first synthesized titanium nanotubes by hydrothermal 932 

method using TiO2 powder as raw material. In the experiment, they successfully 933 

synthesized fullerene functionalized titanium dioxide nanotube composite catalyst 934 

by using impregnation method with ethanol and toluene as cosolvents. No change in 935 

morphological structure was observed in the composite photocatalyst synthesized by 936 

the impregnation method. Titanium nanotubes were loaded with 1%, 2%, and 5% 937 

C60 to study photocatalytic performance, respectively. Different C60 loadings had 938 

different nanostructures, agglomerates or assemblies of fullerenes were observed 939 

(Fig.9). When the loading of C60 was 1 and 2 wt%, there was no large agglomerate，940 

a smooth and uniform distribution of "cluster" was found only in the titanium 941 

nanotubes (TiNTs) portion. However, when loading 5 wt% C60, there were large 942 

agglomerates. They used photocatalytic decomposition of isopropanol to analyze the 943 

activity of photocatalysts [116]. 944 
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 945 

Fig. 9. (A) SEM images of the sample after hydrothermal reaction and (B) acidic rinsing 946 

showing strong agglomeration of one-dimensional nanomaterials, TEM images containing 2 wt% 947 

C60 (C) and 5 wt% C60(D) in TiNT/C60 composite catalyst [116]. Copyright 2013 Elsevier. 948 

3.2.5 Other synthesis strategy 949 

The above several sections describe in detail several preparation methods of 950 

fullerene-based composite nanophotocatalysts, including hydrothermal method, 951 

solvothermal method, sol-gel method and impregnation method. Various preparation 952 

methods have their own advantages, and a suitable preparation process should be 953 

selected in preparing different materials. In addition to the methods we have 954 

introduced above, the researchers have tried other methods, such as chemical 955 

deposition, reprecipitation, and electrophoretic deposition technique. Abe et al. used 956 



56 

 

a chemical vapor deposition method to deposit C60 on ZnPc to prepare an organic 957 

p-n double-layer photocatalytic system. This photocatalytic system took catalytic 958 

degradation of N2H4 as the research content, generated nitrogen by decomposition of 959 

the substance, and simultaneously produced clean energy hydrogen [69]. 960 

Arunachalam et al. synthesized cobalt nanophthalocyanine and fullerene composite 961 

nanomaterials by reprecipitation method. The catalyst prepared by this method had 962 

excellent performance and good morphological structure. The properties of the raw 963 

materials were utilized to become visible light responsive photocatalysts. The 964 

composite nanophotocatalyst nanocomposite exhibited superior photocatalytic 965 

activity than single nanoparticles and AlPc-based composites [70]. Chai et al. 966 

successfully prepared fullerene-modified C3N4 nanocomposites, which could exert 967 

high activity under experimental lighting conditions. The photocatalyst was prepared 968 

by an adsorption method, it was convenient and simple to synthesize. Carbon nitride 969 

had a two-dimensional layered structure (Fig. 10A, B).The dispersion of fullerenes 970 

in the prepared composites was very well (Fig. 10D), and its addition did not change 971 

the crystal lattice and morphology of the carbon nitride (Fig. 10E). The results 972 

showed that when the amount of fullerene in the composite nanomaterial was 1 wt%, 973 

the photocatast reached the optimal activity [130]. 974 
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 975 

Fig. 10. (A) SEM images of bare C3N4, (B) SEM images of 1 wt% C60/C3N4 composite ,(C-D) 976 

TEM inages of 1 wt% C60/C3N4 composite,(E) XRD patterns of bare C3N4,C60 and 1 wt% 977 

C60/C3N4 composite [130]. Copyright 2014 Royal Society of Chemistry. 978 

Lin et al. used electrophoretic deposition technology to prepare 979 

nano-photocatalysts with fullerene and TiO2 nanotube array composites. C60 on the 980 

composite increased the photocatalyst charge separation process, promoted the 981 

transfer of electrons and affected the interaction between the electronic layers 982 

importantly [126]. Ju et al. synthesized a C60@AgCl nanoparticle photocatalyst 983 

supported by ZnAlTi layered double oxide by coprecipitation-photoinduced method 984 

(Fig. 11A). The researchers quantitatively analyzed the degradation of bisphenol A 985 

during the experiment. The pore size distribution of the catalyst was evenly 986 

distributed. In the simulated visible light environment, the maximum degradation 987 

efficiency of bisphenol A was 90% (Fig. 11B), which showed that the removal of the 988 

pollutant by the catalyst did have a good effect [143]. The possible reaction pathway 989 
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for bisphenol A (BPA) degradation was shown in the figure (Fig. 11C). 990 

 991 

Fig. 11. (A) Schematic drawing illustrating synthetic route and the mechanism of charge 992 

separation and photocatalytic process over C60@AgCl-LDO (layered double oxide) 993 

photocatalysts under visible light irradiation. (B) Degradation of BPA in consecutive runs using 994 

the recycled C60@AgCl-LDO [143]. (C) The possible reaction pathway for BPA degradation. 995 

Copyright 2018 Elsevier. 996 

4. Application of fullerene modified photocatalyst 997 

In recent years, photocatalysts prepared by combining fullerenes and their 998 

derivatives with inorganic semiconductor materials and organic materials have made 999 

great progress. They have extensive applications in photocatalysis, and achieved 1000 
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outstanding achievements in the environment, energy and other areas through 1001 

photocatalytic reactions. The current researches are mainly focused on 1002 

environmental modification, such as the degradation of water pollutants, sterilization 1003 

and disinfection. Energy production applications, such as hydrogen production, 1004 

organic synthesis, etc. Many studies have shown that the reactivity of fullerene 1005 

composites is enhanced compared to pure inorganic materials, and has broad 1006 

application prospects. 1007 

4.1 Environmental modification 1008 

4.1.1 Degradation of water pollutants 1009 

There are many kinds of pollutants in water, typically, such as organic dyes, 1010 

persistent organic pollutants, and heavy metal ions are widely studied in the field of 1011 

photocatalysis [179]. Photocatalytic applications of fullerene photocatalysts in the 1012 

degradation of organic pollutants were shown in Table 2. 1013 

Among these pollutants, organic dyes are typical simulated pollutants in many 1014 

literatures, and the application of photocatalysts based on fullerenes and their 1015 

derivatives in photocatalytic degradation of dyes has been studied. Bai et al. used a 1016 

simple conventional heat treatment method to synthesize composite nanomaterials 1017 

of fullerene C60 and graphite phase carbon nitride. Compared with the pure carbon 1018 

nitride catalyst, the activity of the composite photocatalyst to degrade the organic 1019 

dye methylene blue and phenol pollutants are rapidly improved after C60 1020 
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modification. By combining the fullerene with a carbon nitride matrix, the valence 1021 

band of carbon nitride changed to some extent, and the valence band energy became 1022 

lower, which provided strong photooxidation under visible light (Fig.12). The 1023 

photocatalyst composite had many advantages in the catalytic process that organic 1024 

compounds can be rapidly oxidized and removed [72]. The mechanism diagram of 1025 

charge separation and photocatalysis process were shown in the figure (Fig.12E). 1026 

C60-incorporated TiO2 nanorods were prepared by Long et al. [176] they found that 1027 

the photocatalyst had high degradation efficiency for rhodamine B. After 1.5 h of 1028 

reaction, the degradation efficiency was basically 99%. 1029 

 1030 
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Fig.12. (A) FTIR spectra of g-C3N4 and C60/g-C3N4 photocatalysts; (B) Raman spectra of g-C3N4 1031 

and C60/g-C3N4 photocatalysts; (C) XRD patterns of g-C3N4 and C60/g-C3N4 photocatalysts; (D) 1032 

Room-temperature PL excitation and emission spectra of g-C3N4 and C60/g-C3N4photocatalysts 1033 

(ex = 370 nm); (E)Schematic diagram of the mechanism of charge separation and photocatalysis 1034 

of C60/g-C3N4 photocatalyst [72]. Copyright 2014 Elsevier. 1035 

The combination of experimental and theoretical calculations can help us to 1036 

have a better understanding of the inherent mechanism of composite photocatalysts. 1037 

Ding et al. studied the intrinsic mechanism of C60 modified SnO2 composite 1038 

photocatalyst by density functional theory [180]. Firstly, the C60/SnO2 (101) 1039 

heterostructure was geometrically optimized (Fig.13A). The almost unchanged 1040 

structure of the optimized C60 and SnO2 (101) surfaces indicated that the interfacial 1041 

interaction is indeed a vdW force rather than a covalent. They first calculated the 1042 

molecular energy levels of C60 to verify the validity of the calculations, as shown in 1043 

Figure 13B. The charge density of the interface region changes significantly 1044 

(Fig.13C), which indicates that the effect of interfacial interaction on C60 charge 1045 

redistribution is much greater than that of SnO2 (101) surface. In the C60/SnO2 (101) 1046 

heterostructure, the strong charge accumulation (blue part) is found mainly on the O 1047 

atoms and the C atoms, and the charge depletion (yellow part) is mainly present on 1048 

the C atoms. More importantly, the redistribution of charge causes the C atoms (at 1049 

C60 top) to be negatively/positively charged, becoming an active site during the 1050 

reaction, thereby increasing photocatalytic efficiency. The surface state (Fig.13E) 1051 
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(has a significant effect on the properties of the materials) is formed at the bottom of 1052 

the SnO2 CB to reduce the band gap of the SnO2 (101) surface to 1.76 eV, as shown 1053 

in Fig. 13D. The VB top and CB bottom of the C60/SnO2 (101) heterojunction are 1054 

consist of C 2p and Sn 5s orbitals (Fig.13F), respectively. 1055 

As is apparent from Fig. 1G, a type II heterojunction was found in composite 1056 

C60/SnO2. C60 acts as a sensitizer on the surface of SnO2 (101) to enhance the 1057 

separation of electron-hole pairs in the photocatalytic process. They used Mulliken 1058 

population analysis to quantitatively analyze charge changes at the interface 1059 

(Fig.13H), which indicated that the modification of C60 increased the electrons of the 1060 

O atom and the Sn atoms lost more electrons in the composite than monomer. Due to 1061 

the interaction between the surface of C60 and SnO2, the interface charge distribution 1062 

fluctuates, which will change the electrostatic potential distribution at the interface. 1063 

The potential on the plane of the Sn atoms is larger than that of the C atoms, causing 1064 

a large potential difference between them. The huge intrinsic potential prevents the 1065 

recombination of photogenerated charge carriers, thereby enhancing the 1066 

photocatalytic activity of C60/SnO2 heterostructures. 1067 
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 1068 

Fig.13. (A) Top view and side view of the C60/SnO2 (101) model, (B) Molecular energy levels of 1069 

C60.(C) The 3D charge density differences for  C60/SnO2 (101), the blue and yellow represent 1070 

charge accumulation and depletion in the space, respectively. (D) Band structures for SnO2 (101). 1071 

(E) The electron and hole density distributions for SnO2 (101) surface states. (F) Side views of 1072 

the electron and hole density distributions for the LUL and HOL for the C60/SnO2 (101), 1073 

respectively. (G) The total density of states for SnO2 (101) and C60, and the local density of 1074 

states for SnO2 (101) and C60/SnO2 (101), respectively. (H) The charge distribution maps of 1075 

SnO2 (101), and C60/SnO2 (101) [180]. Copyright 2017 Elsevier.1076 
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Table.2. Photocatalytic application of fullerene-based photocatalysts in organic pollutants degradation (N/A = not applicable).  1077 

Photocatalyst 

Preparation 

method 

Fullerene 

content [wt%] 

Incident 

light 

Light intensity 

Degraded 

substance 

BET 

(m
2
/g) 

Efficiency Enhancement factor Ref 

TiNTs/C60 impregnation 5 λ > 420 nm 300W Xe lamp  Isopropanol 290 99.9%(11 h) 2 times than TiNTs [116] 

TiO2/C60 deposition N/A UV 18 W UV-A blacklights lamp methyl orange - - - [124] 

TiO2/C60 solution N/A UV 8 W mercury lamp methylene blue - 99.5%(1 h) - [125] 

TiO2/C60 solvothermal 2 UV-A 

8 W medium-pressure mercury 

lamp 

methylene blue 133.60 99.9%(1 h) 1.43 times than TiO2 [167] 

TiO2/C60 adsorption 2.5 λ = 254 nm 11W germicidal lamp salicylic acid 53 90%(2 h) 1.63 times than TiO2 [181] 

SiO2/C60 evaporation N/A λ > 420 nm 300W xenon lamp  methyl orange - 96%(25 min) - [141] 

C3N4/C60 adsorption 1 λ >420 nm 500 W xenon lamp rhodamine B - 97%(1 h) 1.8 times than C3N4 [130] 

BiOCl/C60 hydrothermal 1  Visible 500 W Xe lamp rhodamine B 19.4 99.7%(12 h) 9 times than BiOCl [128] 
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Bi2TiO4F2/C60 solvothermal N/A Visible 500 W xenon lamp lignin - - - [144] 

LDO-AgCl/C60 coprecipitation N/A  Visible 300W xenon lamp Bisphenol A 15.27 90%(5 h) 2.17 times than LDO [143] 

Bi2TiO4F2/C60 solvothermal 1 λ > 420 nm 500 W Xenon lamp  Rhodamine B 25.4 90%(2 h) 1.5 times than Bi2TiO4F2 [168] 

WO3/TiO2/C60 sol-gel 2 Visible 8 W halogen lamp methylene blue 49.21 - - [142] 

Pt/TiO2/C60 sol-gel N/A Visible 8 W halogen lamp methyl orange 31.7 80%(2 h) 1.63 times than TiO2 [137] 

SiO2/C60 impregnation 3 λ > 420 nm 150W xenon lamp heptene 194 95%(100 min) - [129] 

Ag3PO4/C60 impregnation 2 Visible 500W Xe lamp acid red 18 - 90%(1 h) 3.5 times than Ag3PO4 [159] 

Bi2MoO6/C60 hydrothermal 3 λ > 420 nm 500 W Xe lamp bromate ions 3.50 92%(2 h) 1.3 times than Bi2MoO6 [166] 

Fe2O3/C60 impregnation N/A λ > 420 nm 300 W UV-vis lamp phenol - 98.9%(80 min) - [160] 
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Xu et al. found that C60/Ag3PO4 composites were synthesized by modification 1078 

of Ag3PO4 with acid-treated fullerene (C60)( Fig. 14A). Pure Ag3PO4 had an irregular 1079 

mixed form (such as tetrahedral, spherical) with a smooth surface, but the 1080 

introduction of C60 controlled the growth of Ag3PO4 particles (Fig. 14B,C). It was 1081 

found that the optimum C60 content in the composite was 2%, and the superoxide 1082 

radicals were most produced, which played a major role in photodegrading acid red 1083 

18 (Fig. 14E). The degradation rate of acid red 18 (AR18) was much improved 1084 

quickly, almost 3.5 times of the degradation rate without modification, and the 1085 

removal efficiency of AR18 was 90% after 60 minutes of reaction (Fig. 14D) [159]. 1086 

The detailed photo-degradation reaction processes were as follows: 1087 
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In addition to organic dyes, some researches are to treat other important 1096 

pollutants in water, namely organic pesticides and heavy metal ions. Djordjevic et al. 1097 

[67] used fullerene and tetrahydrofuran nanoparticles to modify the TiO2 catalyst to 1098 

produce a material with superior properties . It was found that the TiO2/fullerenol 1099 
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C60(OH)24 nanoparticles (FNP) system was best for simulating the decline of 1100 

sunlight and removing the herbicide mesotrione. For the purpose of preventing 1101 

recombination of charge during photocatalytic reaction, the author added H2O2 and 1102 

KBrO3 to the solution, which are capable of accepting electrons as electron 1103 

acceptors, and concluded that the degradation of the first phase substrate may be 1104 

carried out by hydroxyl radicals. The reaction mechanism was mainly through pores 1105 

after 60 min irradiation. Kanchanatip et al. [148] synthesized V-TiO2 and 1106 

C60/vanadium (V)-TiO2 anatase photocatalysts with titanium isopropoxide (IV) to 1107 

degrade pesticide paraquat under visible light. The catalyst obtained by the 1108 

combination of 1 wt% C60 and 1 wt% V-TiO2 exhibited the optimal performance, the 1109 

kinetic rate constant of photocatalytic degradation reached a maximum, and the 1110 

degradation process was in an optimal state. Park et al. [108] used water-soluble 1111 

fullerol (C60(OH)x) to activate titanium dioxide under visible light to prepare a 1112 

composite catalyst, which had a good effect on the reduction of toxic Cr
VI

 in water 1113 

to less toxic Cr
III

. 1114 

 1115 
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Fig. 14. (A) Schematic illustration of the synthesis of C60/Ag3PO4, SEM images of the various 1116 

samples. (B) Ag3PO4; (C) 2%C60/Ag3PO4; (D) Decolorization of acid red 18 under different 1117 

conditions. (E) Photocatalytic mechanism of organics degradation over C60/Ag3PO4 composite 1118 

[159]. Copyright 2016 Royal Society of Chemistry.  1119 

Qi et al [167]. proposed the C60/a-TiO2 shows remarkably enhanced organic 1120 

dyes degradation activity. DFT calculations were used to examine the interaction 1121 

between the C60 and a-TiO2 surface to obtain a further understanding of the C60@ 1122 

a-TiO2 (101) interface (Fig.15). The calculated adsorption energy indicated that C60 1123 

had a strong covalent interaction with the surface of a-TiO2 (101) by COOH 1124 

hybridization. The projected density of states (PDOS) of the C60-COOH @ a-TiO2 1125 

(101) interface and clean a-TiO2 (101) surface were calculated (Fig. 15E, F) to 1126 

investigate how the C60 derivative influences the electronic structure of the surface 1127 

of a-TiO2 (101). Figure 2E illustrated the clean a-TiO2 (101) surface band gap 1128 

energy was 1.9 eV. The valence band maximum (VBM) and the conduction band 1129 

minimum (CBM) were mainly composed of O 2p orbital and Ti 3d states, 1130 

respectively. Figure 2F was the top of the C60-COOH@a-TiO2 (101) valence band 1131 

and belongs to C60-COOH 2p. The bandgap was reduced to 0.8 eV after the 1132 

introduction of the intermediate state, resulting in an enhanced light absorption 1133 

spectrum of the heterojunction. The researchers gave a photocatalytic enhancement 1134 

mechanism from the calculation results (Fig.15G). On the one hand, C60 has the 1135 

ability to accelerate electron transfer and improve charge separation efficiency, and 1136 

on the other hand, it has strong light absorption capacity. 1137 
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 1138 

Fig.15.  DFT optimized structures of (A) C60, (B) C60-COOH, (C) clean a-TiO2(101) and (D) 1139 

C60-COOH@a-TiO2(101). PDOS of (E) clean a-TiO2(101) and (F) C60-COOH@a-TiO2(101). (G) 1140 

Illustration of the photocatalytic degradation mechanism of MB over C60@a-TiO2 [167]. 1141 

Copyright 2016 Elsevier. 1142 

4.1.2 Sterilization and disinfection 1143 

In the process of water treatment, not only the chemical pollutants in the water 1144 

need to be removed, but also microbial pollutants, such as pathogens and bacteria 1145 

need to be removed to ensure the water body is completely purified. Most 1146 

photocatalysts can be used as antibacterial agents and disinfectants in water under 1147 

appropriate light irradiation, while fullerene/semiconductor composite 1148 

photocatalysts exhibit better antibacterial properties. Choi et al. [112] synthesized a 1149 
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catalyst composite system composed of C60 aminofullerene and functionalized 1150 

mesoporous silica-coated magnetite nanoparticles as magnetic separation carriers 1151 

(Fig. 16A,B). The catalyst could inactivate MS-2 phage, mainly because of C60 1152 

light-induced singlet oxygen production after illumination. In dark conditions, the 1153 

activity of the virus was still very strong, but it was well suppressed after 80 minutes 1154 

(Fig. 16C). Moor et al. [182] demonstrated the production of singlet oxygen and the 1155 

inactivation of MS-2 phage by silica loaded fullerene composites (Fig.16D). 1156 

Sepahvand et al.prepared a fullerene-modified magnetic silver phosphate composite 1157 

(Ag3PO4/Fe3O4/C60), which had high-efficiency photocatalytic activity [58]. The 1158 

researchers found that the composite photocatalyst had good antibacterial activity 1159 

against several pathogenic bacteria in human body. The bactericidal mechanism of 1160 

m-Ag3PO4/C60 nanocomposite was mainly adhered to the surface of negatively 1161 

charged bacterial cells, which changed the characteristics of the cell membrane and 1162 

cell wall. It inhibited important cell functions such as permeability, osmotic 1163 

regulation, electron transfer and respiration, and can also release silver ions, 1164 

resulting in an enhanced bactericidal effect. 1165 
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 1166 

Fig. 16. (A) Formation mechanism of amino fullerenes [183]. Copyright 2009 American 1167 

Chemical Society. (B) Immoblization of C60 aminofullerene on functionalized magnetic silica 1168 

composite; (C) MS-2 bacteriophage inactivation by C60/msu-SiO2/mag, C60/SiO2 gel/mag, and 1169 

C60/fumed SiO2/mag under visible-light irradiation [112]. Copyright 2014 Elsevier. (D) The 1170 

schematic diagram of solid supported fullerene materials [182]. Copyright 2014 American 1171 

Chemical Society. 1172 

Most photocatalysts that have demonstrated antiviral activity contain (heavy 1173 

metal) metals, which are potentially hazardous. It is particularly important to explore 1174 

new safe photocatalysts for bacterial and viral disinfection. A good method for 1175 

preventing the low water solubility of materials by combining C60 with hydrophilic 1176 

groups and water-soluble C60 derivatives are also being studied as a photocatalyst 1177 

for antibacterial antivirus. Bai et al. [66] developed a fullerene-based photocatalytic 1178 

coating material for the effective killing of microorganisms by physically mixing 1179 
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two components in an aqueous suspension to synthesize polyhydroxy fullerenes and 1180 

TiO2 nanocomposites (Fig. 17A). This nanocomposite was used for photocatalytic 1181 

removal of Aspergillus niger, and the clearance rate of this fungus was used as a 1182 

reference index (Fig. 17B). The nanocomposite inactivated spores three to four times 1183 

faster than the bactericidal rate of the TiO2 coating without polyhydroxyfullerene. 1184 

Krishna et al. [107] used polyhydroxy fullerene to increase the photocatalytic 1185 

degradation rate of titanium dioxide. The composite catalyst had a good inactivation 1186 

effect on Escherichia coli. The E. coli inactivation rate coefficient of P25 and 1187 

polyhydroxyfullerene composite catalyst was about twice than that of P25 catalyst 1188 

alone. Moor et al. [182] demonstrated the production of singlet oxygen and the 1189 

inactivation of MS-2 phage by silica loaded fullerene composites. Moor et al. [74] 1190 

prepared a mesoporous silica support MCM-41, which was used as a base for 1191 

fullerene composites to form a composite nanomaterial (Fig. 18A). The resulting 1192 

composite nanomaterial exhibited significant photoactivity. SEM and TEM images 1193 

of C70/MCM-41were shown below (Fig. 18B,C). The results of these experiments 1194 

showed that the composite nanomaterial can rapidly inactivate MS-2 phage in 1195 

sunlight and oxidize various organic pollutants without being contaminated (Fig. 1196 

18D). These excellent properties reflected the value of these materials in practical 1197 

applications. In general, these materials are easy to synthesize and have significantly 1198 

enhanced visible light activity. Based on these characteristics, the application of 1199 

fullerene nanomaterials in water treatment sterilization and disinfection technology 1200 

is expanded. 1201 
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 1202 

Fig. 17. (A) Procedure for testing performance of photocatalytic coatings, (B) changes in the 1203 

morphology of virus spores inactivated by C60/TiO2 at different times [66]. Copyright 2012 1204 

Elsevier. 1205 

 1206 
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Fig. 18. (A) General synthesis method employed outlining the preparation of MCM-41, 1207 

functionalization introducing terminal amine groups, and finally fullerene immobilization. (B) 1208 

SEM images of C70/MCM-41. (C) TEM images of C70/MCM-41. (D) UV/vis spectrum of 1209 

fullerenes and virus inactivation of C70/SiO2 catalyst [74]. Copyright 2015 American Chemical 1210 

Society. 1211 

4.2 Organic synthesis and decomposition 1212 

Many organic substances have great applications in environmental pollution 1213 

control, some of which are used as adsorbents [184], some as surfactants [185-187], 1214 

and so on. Therefore, their high-efficiency synthesis also has certain research value, 1215 

and photocatalysis technology has important applications in the synthesis and 1216 

decomposition of organic matter. Photocatalysts based on fullerenes and their 1217 

derivatives have great applications not only in the degradation of water pollutants, 1218 

but also in organic synthesis and decomposition. Huang et al. [71] used a 1219 

C60-Bodipy complex catalyzed cycloaddition reaction of organic compounds. The 1220 

composite catalyst had the characteristics of strong absorption of light and stability. 1221 

This experiment was of great significance for exploring new organic 1222 

photosensitizers and photocatalysts for catalyzing organic reactions. Sepahvand et al. 1223 

[58] studied the catalytic reduction of 4-nitrophenol (4-NP) by Ag3PO4/Fe3O4/C60 1224 

nanocomposites. The results showed that the yield of the product in the aqueous 1225 

solution of NaBH4 was 98%. In the catalytic reaction, Ag3PO4/Fe3O4/C60 1226 

nanocomposites exhibited higher catalytic activity than pure Ag3PO4. When used for 1227 
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organic decomposition, photocatalysts based on fullerenes and their derivatives 1228 

tended to mainly act on catalytic decomposition of olefins. Kyriakopoulos et al. [134] 1229 

prepared a photocatalyst of MCM-41 and fullerene C60 composite, which was used 1230 

for the oxidation of olefins to corresponding hydroperoxides. Small crystal of C60 1231 

had high dispersion on the surface of composite catalyst. Panagiotou et al. [129] 1232 

effectively dispersed C60 on the surface of silica gel. They used the composite 1233 

catalyst to decompose 2-methyl-2-heptene and tested the performance of the catalyst 1234 

with its degradation effect. After the catalyst was added, the conversion rate of the 1235 

organic matter was greatly increased until the amount of C60 was increased to 3% 1236 

(w/w) and then decreased, and the number of conversions and the switching 1237 

frequency were always lowered, indicating the best C60 load was 3%. Tzirakis et al. 1238 

[161] immobilized fullerene C60 on the surface of γ-Al2O3. It was a novel 1239 

heterogeneous catalyst for the oxidation of certain organics in an oxygen atmosphere. 1240 

The catalytic activity of the substrate increased with the content of fullerenes during 1241 

the experiment process. However, the activity of the catalyst decreased when the 1242 

amount of C60 reached 3% (w/w).  1243 

4.3 Hydrogen production 1244 

Energy issues are the focus of attention in this century. Access to clean energy 1245 

is a common dream of mankind. Since TiO2 was found to be capable of photolysis of 1246 

water to produce hydrogen in 1972 [5], people have never stopped exploring the 1247 

path of hydrothermal hydrogen production. The production of clean energy through 1248 
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photocatalytic reactions also attracted a lot of attention. The applications of 1249 

fullerene-based photocatalysts in hydrogen production were shown in Table 3. 1250 

New materials are constantly being researched to improve the efficiency of 1251 

photohydrolysis of hydrogen, not just titanium dioxide. Fullerenes exhibited a 1252 

certain application value in the field of photolysis of water to hydrogen. Song et al. 1253 

[164] prepared nanomaterials composite of fullerene/graphene/carbon nitride, which 1254 

could be stable in the visible region and have good photocatalytic ability to 1255 

decompose water to generate hydrogen. After 10 hours of illumination, the hydrogen 1256 

production was 5449.5 umol/g, it was 50.8 times of the hydrogen production of 1257 

graphene/g-C3N4 composite under consistent experimental conditions, and the 1258 

composite exhibited enduring stability. High photocatalytic performance was due to 1259 

the combination of fullerenes and graphene, and a large amount of electrons were 1260 

generated in the composite catalyst, which strengthened the utilization of 1261 

photogenerated electrons and increased the catalytic effect, thereby improving the 1262 

photocatalytic efficiency. Guan et al. [73] used a solid-state mechanochemical route 1263 

to produce MoS2-C60 hybrid with a van der Waals heterostructure (Fig. 19A). The 1264 

C60 cluster protective layer formed in the skeleton improves the light absorbing 1265 

ability on the one hand, and greatly accelerated electrons transfer to the surface of 1266 

the C60 cluster on the other hand. Supported C60 clusters can also be used as electron 1267 

transport stations for rapid electron capture from the composite catalyst; and it also 1268 

could be used as H2 precipitation active site to absorb and reduce H
+
, thereby 1269 

promoting the precipitation of H2 (Fig. 19B). When the composite catalyst contained 1270 
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2.8% C60, it exhibited the best hydrogen production efficiency, and the highest H2 1271 

production rate reached 6.89 mmol h
-1

g
-1

 (Fig. 19C). Song et al. [138] prepared 1272 

Cr2-xFexO3 nanoparticles first, and then prepared C60/Cr2-xFexO3 composites (Fig. 1273 

20). The results showed that the prepared C60-Cr2-xFexO3 nanocomposite exhibited 1274 

excellent activity for hydrogen production without any precious metal under visible 1275 

light irradiation. Research showed that 3% C60-Cr1.3Fe0.7O3 composite catalyst 1276 

exhibits the best performance (220.5 μmol h
-1

g
-1

) (Fig. 20C). The results showed 1277 

that the catalyst had good hydrogen production performance under weak alkaline 1278 

conditions. 1279 

 1280 
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Fig. 19.(A) Schematic diagram of mechanochemical reaction between MoS2 and C60; (B) 1281 

hydrogen production mechanism and electron transfer process of MoS2-C60 photocatalyst under 1282 

visible light; (C) Photocatalytic H2 production rates of various materials and typical time courses 1283 

of H2 production based on MoS2-C60-BM3 (MoS2 ball-milled without C60) [73]. Copyright 2018 1284 

Elsevier. 1285 

 1286 

Fig. 20.(A) XRD patters of C60, a-Fe2O3,Cr2O3,Cr1.3Fe0.7O3 and 3%C60–Cr1.3Fe0.7O3; (B) 1287 

UV–vis-diffuse reflectance spectra of bare a-Fe2O3,Cr2O3,Cr1.3Fe0.7O3 and 3% C60–Cr1.3Fe0.7O3; 1288 

(C) Photocatalytic H2 evolution rates of Cr1.3Fe0.7O3 and C60–Cr1.3Fe0.7O3 with different C60 1289 

contents under visible light irradiation with triethanolamine as a hole scavenger; (D) A possible 1290 

mechanism for the improve migration efficiency of photogenerated electron on the photocatalyst 1291 
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interface for the 3%C60-Cr1.3Fe0.7O3 composite system [138]. Copyright 2015 Elsevier.1292 

To propose a deep insight (the role of nitrogen) into understanding the 1293 

improved photocatalytic ability of the C60/g-C3N4 nanocomposites, Li et al. [188] 1294 

constructed C60/g-C3N4 hybrid models in which C60 is at the N1, N3 and I2 sites 1295 

above the g-C3N4 monolayer. As can be seen from the adhesive energy, the most 1296 

advantageous adhesion site was I2 (Figs. 21A,B), and then enhanced light absorption 1297 

(Fig. 21C) and contributed to efficient charge separation. Finally, the traditional type 1298 

II heterojunction mechanism was proposed to explain the charge transfer pathway 1299 

(Fig. 21D). 1300 

 1301 

Fig. 21. (A) Top view and (B) side view of optimized C60/g-C3N4 model. (C) Optical absorption 1302 



80 

 

spectra of g-C3N4 and C60/g-C3N4. (D) Proposed charge transfer route between C60 and g-C3N4 1303 

[188]. Copyright 2016 Royal Society of Chemistry. 1304 

All of the above are photocatalysts composed of a combination of fullerenes 1305 

and inorganic materials. In recent years, research on organic material photocatalysts 1306 

has attracted people's attention, and there has been more and more attention in the 1307 

compounding of fullerenes and organic materials. Abe et al. [68] prepared a new 1308 

advanced Pt-loaded H2Pc/C60 p-n heterojunction composite photocatalyst that 1309 

promoted hydrogen generation over the entire visible range. The effects of the 1310 

incident light intensity, the double layer film thickness of the catalyst and the 1311 

deposition amount of Pt on the hydrogen production performance were investigated. 1312 

The research team [69] also prepared fullerene C60/ZnPc composite photocatalyst. It 1313 

was a p-n heterojunction organic photocatalyst for the decomposition of hydrazine 1314 

(N2H4) while using H
+
 to generate hydrogen over entire visible range. Huo et al. 1315 

prepared a new type of cost-effective fullerene organic photocatalyst. It was used as 1316 

a photoluminescent agent and a photocatalyst to produce hydrogen, had a higher 1317 

activity (7.39 mmol h
-1

g
-1

) than a single compound [189]. 1318 
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Table.3 Fullerene modified photocatalysts for hydrogen production. 1319 

Photocatalyst Preparation method 
Fullerene content 

[wt%] 
Incident light Light intensity Cocatalyst Activity 

Quantum 

efficiency 

Increased 

multiple 
Ref 

C60/graphene/g-C3N4 hydrothermal - λ > 420 nm 
5 W light-emitting 

diode 
Pt 545 μmol h

−1
g

-1
 7.2% 50.8 [164] 

C60/CdS/TiO2 ionexchanged 0.5 λ = 420 nm 3 W UV-LEDs  - 6.03 mmol h
−1

g
-1

 2.0% 8.5 [139] 

C60/Cr2-xFexO3 absorption 3 λ > 420 nm 300W Xe lamp - 220.5 μmol h
−1

g
-1

 - 1.77 [138] 

C60/bithiazole–Ru solvothermal 2 Visible light 300 W Xe arc lamp Ru 7.39 mmol h
-1

g
-1

 4.27% 5 [189] 

C60-dCNTs/TiO2 hydrothermal 5 UV light 300 W Xe-lamp - 651 μmol h
−1

g
-1

 - 10 [190] 

C60-MoS2 mechanochemical 2.8 Visible light 300 W Xe-lamp - 6.89 mmol h
-1

g
-1

 6.4% 9.5 [73] 

C60/ZnPc vapour deposition - λ < 750 nm - Pt - - - [69] 

WO3@C60 hydrothermal 4 λ > 420 nm 300 W Xe-lamp - 150 mmol h
-1

g
-1

 - 1.88 [165] 
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5. Conclusions and outlook 1320 

Due to the unique structure and physical properties of fullerenes, when 1321 

fullerene C60 and its derivatives combined with semiconductor materials, fullerene 1322 

C60 affects the electron transfer process and composite materials. On one hand, in 1323 

the photocatalytic electron transport process, C60 mainly accelerates the 1324 

photocatalytic reaction process by four modes of action: electron acceptor, electron 1325 

donor, energy transfer mediator, electron donor and acceptor. On the other hand, C60 1326 

and its derivatives can regulate the crystal growth, prevent material deactivation and 1327 

adjust the band gap in the composite materials to enhance the catalytic performance 1328 

of the composite. Therefore, the properties of fullerenes/semiconductor composites 1329 

are obviously enhanced, which is conducive to further expanding the application 1330 

range of semiconductor materials. 1331 

As for the mechanism of photocatalytic enhancement of composite materials, 1332 

there is a consensus in the current literature that there is a synergetic effect between 1333 

fullerenes and semiconductor materials, that is, the composite can enhance their 1334 

photocatalytic efficiency and adsorption performance, and the optimal content of 1335 

fullerenes in composite materials is not the more the better. However, at present, 1336 

various reaction principles of photocatalytic efficiency enhancement, especially the 1337 

visible light catalysis mechanism, is still not deep enough. In addition, there are still 1338 
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many problems and challenges here, and we need further research and 1339 

exploration,which is outlined in Figure 22. 1340 

 (1) More efforts are needed to better understand fullerene/ semiconductor 1341 

photocatalysts for practical requirements, such as examining the photocatalytic 1342 

selectivity in a solution containing more components, the chemical stability of these 1343 

catalysts under different pH and temperature conditions during the experiments, etc. 1344 

Besides, some scholars have done some quantitative researches on the effects of 1345 

factors such as the thickness and size of C60 and its derivatives on the performance 1346 

of composite systems. However, the qualitative researches on the influence of the 1347 

surface composition of composite catalysts prepared by different precursors and 1348 

methods on the interaction of semiconductor nanomaterials are still relatively rare. 1349 

(2) Fullerene and its derivatives are relatively expensive and difficult to prepare, 1350 

to our knowledge, the key to determining the fullerene price and its practical 1351 

application is the purification of fullerenes. We mainly need to develop new 1352 

fullerene purification technology to reduce the difficulty of this process. More 1353 

importantly, fullerene C60 and its derivatives are only trace amounts in 1354 

photocatalytic applications. In some simple applications, fullerene C60 with lower 1355 

purity can also be put into use, which facilitates our mass production and use. With 1356 

the deepening of research and the development of preparation technology, accurate 1357 

quantitative research will be reached, and eventually will get a wide range of 1358 

applications. 1359 
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(3) The simulation of properties of fullerene-semiconductor composites by 1360 

theoretical calculation method is helpful to reveal the photocatalytic mechanism and 1361 

optimize the composition and structure of fullerene-semiconductor composites, 1362 

which can improve the photoquantum efficiency. Therefore, theoretical calculations 1363 

provide a huge role for our researchers in studying high-activity photocatalysts, 1364 

designing new photocatalytic cracking agents, changing internal properties and 1365 

microstructure of fullerene-based composites, and designing the electronic structure 1366 

of active surfaces on the basis of describing photocatalytic reactions. In future 1367 

research, we should pay attention to the combination of experiments and theoretical 1368 

calculations to better reflect the internal reaction mechanism. 1369 

(4) The structure of the heterojunction is of great help to increase photocatalytic 1370 

activity of materials. Nevertheless, there are still relatively few studies on these 1371 

aspects. Therefore, there is still much room for exploration in the configuration 1372 

control of fullerene modified composite catalysts. In order to obtain better 1373 

configurations such as surface dispersion, semiconductor nanomaterials can be 1374 

controlled into easily dispersed zero-dimensional crystals or quantum dots, or they 1375 

can be controlled into one-dimensional materials that can rapidly conduct electrons, 1376 

such as nanotubes, nanorods and nanowires, and then composite with fullerenes. 1377 

Most of the research in this area of research is still at the laboratory scale stage and 1378 

only a small amount of catalyst has been synthesized. Moreover, some of these 1379 

synthetic methods are very complex and difficult to control. Therefore, it is highly 1380 
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desirable to develop a simpler synthesis method (especially the one-step synthesis 1381 

methods) that can be used for mass production. 1382 

(5) Research on fullerenes and their derivatives should be further advanced. On 1383 

the one hand, the previous fullerene materials were mainly C60, but the fullerene 1384 

family is a huge system, and there are many types that we have not yet applied to 1385 

environmental catalysis. On the other hand, fullerene derivatives are mainly 1386 

modified by some organic groups and metal groups, such as amino and hydroxyl 1387 

groups. In order to obtain better performance derivatives, it should try to improve 1388 

conditions and methods to obtain derivatives with special properties to meet the 1389 

needs of practical applications. There is still relatively little research work in this 1390 

area, and it is worth trying to find out. 1391 

 (6) The treatment of pollutants in water is mainly focused on the treatment of 1392 

organic dyes and heavy metal ions. More attention should be paid to the persistent 1393 

organic pollutants that need to be treated, such as antibiotic pollutants. In the field of 1394 

environmental remediation except the treatment of water pollution, there is also the 1395 

treatment of gas phase pollutants, such as the reduction of nitrogen oxides and 1396 

greenhouse gases. In addition to the generation of hydrogen, it can also be applied to 1397 

other energy synthesis in the energy field. Besides, the environmental risk 1398 

assessment of these nanostructure photocatalysts should be adequately conducted 1399 

before practical applications. Particularly, for the pollutants degradation applications, 1400 

the toxicity of intermediate products needs to be carefully evaluated since 1401 
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photocatalytic degradation often fails to completely mineralize the pollutants. 1402 

 1403 

Fig.22. Future challenges and research directions for fullerene C60 photocatalysis. 1404 

Abbreviation 1405 

APTES  Aminopropyl triethoxysilane 1406 

BPA                  Bisphenol A 1407 

BET Brunauer−Emmett−Teller  1408 

CB                   Conduction band 1409 

CNTs                 Carbon nanotubes 1410 

CQDs Carbon quantum dots 1411 

CTAB Cetyltrimethylammonium bromide 1412 

DOS Density of state 1413 

EDS Energy dispersive spectrometer 1414 

FTIR Fourier transform infrared spectrum 1415 



87 

 

FESEM Field emission scanning electron microscope 1416 

HRTEM High resolution transmission electron microscope 1417 

HOL Highest-occupied levels 1418 

ISC Intersystem crossing 1419 

MB Methylene biue 1420 

MO Methylene orange 1421 

MCPBA               M-Chloroperbenzoic acid 1422 

LUL Lowest-unoccupied level 1423 

PL Photoluminescence  1424 

ROS                  Reactive oxygen species 1425 

SEM Scanning electron microscope 1426 

TEOS                 Tetraethoxysilane 1427 

TiNTs                 Titania nanotubes 1428 

TEM Transmission electron microscopy  1429 

TPSA Triethoxysilyl propylsuccinic anhydride 1430 

UV                   Ultraviolet 1431 

UV–vis DRS  UV–vis diffuse-reflectance spectra  1432 

VB Valence band 1433 

XRD X-ray diffraction 1434 

XPS X-ray photoelectron spectroscopy 1435 

ZnAlTi-LDO           ZnAlTi layered double oxide 1436 
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