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Abstract: Three-dimensional graphene based materials (3D GBMs) as emerging 12 

materials have been widely used in various fields. This mini-review selectively 13 

highlights the recent research progress in the application of 3D GBMs in organic dyes 14 

removal. In particularly, the application potential, catalytic performance, and 15 

degradation mechanisms of the 3D GBMs are summarized in this mini-review. The 16 

factors affecting the degradation capacity of 3D GBMs are discussed briefly. 17 

Furthermore, the possible ongoing researches on 3D GBMs are also put forward. We 18 

deem that this mini-review will provide a valuable insight into the design and 19 

application of 3D GBMs in environmental field. 20 

Keywords: three-dimensional graphene; catalyst supports; organic dyes; 21 

photocatalysis; biodegradation. 22 

1. Introduction 23 

With the rapid growth of population and the growing urbanization and 24 

industrialization, the environment pollution and other urgent problems worldwide are 25 
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becoming increasingly serious.[1-4] The inevitable or unconscionable release of 26 

various types of pollutants into water bodies from a wide range of industries and 27 

chemical factories has been proposed as the main cause of environment pollution.[5-8] 28 

In order to satisfy the better quality of people’s living standard, how to ensure the 29 

pollutant-free water resources is one of the most difficult challenges that we face in 30 

the 21st century.[9,10] Among various contaminants, organic dyes are one of the most 31 

widely used chemicals that are mainly discharged from industries of textile,[11,12] 32 

cosmetic,[13,14] paper,[15] leather,[16] etc. It is reported that more than 100,000 33 

commercial dyes are available, and over 7×105 ton of dye-stuff are estimated to be 34 

produced annually.[17] With the large-scale production and wide application, the 35 

discharge of organic dyes into waters without treatment has caused public concern. It 36 

is a serious challenge to environmental scientists, owing to the ecosystem and health 37 

risks and their undesirable diverse colors in waters even at low concentration (less 38 

than 1 ppm).[18-20] Unfortunately, the wastewater containing organic dyes is one of 39 

the most difficult industrial wastewaters to treat. To date, many treatment technologies, 40 

such as adsorption,[21-24] coagulation,[25] photocatalysis,[26] biodegradation,[19] 41 

have been applied in dyes removal. Among these approaches, catalysis is a vital 42 

subject for purification of water, which has attracted extensive attention in scientific 43 

communities due to its ability to transform the organic compounds into inorganic 44 

compounds, showing good practical and potential values.[27] Thus, it is necessary to 45 

develop efficient catalysis for dyes wastewater treatment.  46 

In the past decades, it has shown that the degradation of organic dyes by 47 
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photocatalysts (such as TiO2 nanoparticles) and microorganisms (such as white rot 48 

fungi) or their secreted enzymes are promising for organic wastewaters 49 

treatment.[26,28,29] Thus, the applications of photocatalysts or biocatalysts in organic 50 

dyes removal have been attracted great attentions. As is well known, catalytic 51 

reactions are closely related with the structure of catalysts, the distribution of surface 52 

active sites and coordination, thus it is key to tune the special composition, 53 

morphology, and size of catalyst.[30] Nevertheless, how to enhance the catalytic 54 

performance and recovery ability still remains to be solved. Thanks to the 55 

development of nanoscience and nanotechnology, the use of advanced materials 56 

especially carbon-based nanomaterials in dealing with these problems has grown in 57 

importance. Excitingly, graphene, a two-dimensional (2D) single sheet of carbon 58 

atoms arranged in a hexagonal network, has been regarded as one of the most 59 

promising materials.[ 31 , 32 ] Owing to its remarkable chemical, physical, and 60 

mechanical properties, such as large special surface area, excellent electrical and 61 

thermal conductivity, high mechanical strength, flexibility, and efficient wide range of 62 

light adsorption, graphene-based materials are popular in a broad range of 63 

applications.[ 33 - 36 ] Most importantly, the increasing exploration of graphene 64 

composites has opened up the opportunities for the application in environmental 65 

field.[37,38] Not surprisingly, given the outstanding properties, graphene-based 66 

materials have been developed as catalytic supports.[39,40] Unfortunately, it has been 67 

found that the combination of the poor dispersion, restacking and multilayer thickness 68 

can prevent the practical application of graphene-based materials.[41,42] In addition, 69 
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the difficult separation from waters also restricts their practical applications.  70 

In recent years, three-dimensional graphene-based materials (3D GBMs) have been 71 

attracting increasing attention, since they not only maintain the excellent properties of 72 

graphene, but also enhance the practical application potential of graphene. Moreover, 73 

another important merit is the integrated morphology of graphene-based monolith, 74 

making it easy for manipulation and convenient for separation in the practical 75 

application, as well as preventing the release of graphene nanosheets and their 76 

environmental risk.[37] Due to these advantages, 3D GBMs have been emerged as 77 

promising supports for catalysis. For instance, they have been extensively used as 78 

electrocatalysts in energy field to sovle the energy shortage.[43,44] Likewise, they 79 

have exhibited great potential in organic pollutants degradation for water pollution 80 

treatment.[45,46] What needs to be mentioned is that 3D GBMs have also shown 81 

good capacity for organic pollutants adsorption,[42] which is conducive to enhance 82 

catalytic degradation performance. In this special review, we mainly highlight their 83 

catalytic performance on organic dyes degradation. In order to utilize the potential of 84 

3D GBMs in catalysis for organic dyes removal, it is critical to possess the 85 

technologies of large-scale production of graphene monolith. To date, a great deal of 86 

work has been done to explore the integration approaches for the fabrication of 3D 87 

GBMs. The synthesis and applications of 3D GBMs have been highlighted in several 88 

reviews.[41,42,47] However, we note that an all-round overview of the application of 89 

3D GBMs supported catalysts focused on the degradation of organic dyes in 90 

environment field is still absent. In order to understand the feasibility of 3D GBMs for 91 
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organic dyes removal, this review article presents the recent advances related to the 92 

synthesis and the dyes degradation of 3D GBMs supported catalysts, as well as the 93 

influence factors on the catalytic efficiency. Herein, we deem that this review will 94 

provide theoretical basis and valuable insights for the application and special design 95 

of 3D GBMs for pollutants removal. Meanwhile, the challenges and outlooks are also 96 

offered to expect the better future applications of 3D GBMs in the catalysis field. 97 

2. The potential of 3D GBMs as catalysts support 98 

The catalytic materials play a pivotal role in various fields. Excitingly, they have 99 

made significant contributions in environment pollutants removal. So far, a large 100 

number of catalytic materials such as transition metals, metal oxides, and hybrid 101 

composites have already been widely used for organic pollutants degradation. [48-50] 102 

However, the pure catalysts constructed as powder are usually not suitable for the 103 

practical applications. In order to overcome the limitations, it is necessary to explore 104 

feasible solid surfaces as supports for pure catalysts with the purpose of easy 105 

separation and recycling. The superiority of graphene gels such as hydrogels and 106 

aerogels (foams or sponges) makes them promising for catalytic materials 107 

development.[41,42] In the following sections, the potential of 3D GBMs in 108 

environmental application as catalytic materials is discussed.  109 

2.1 Efficient preparation methods  110 

The integration of individual graphene sheets into 3D hierarchical architectures is 111 

an effective way to tackle the challenge that graphene materials meet in practical 112 

applications. In order to satisfy the requirement of application in pollutants removal, it 113 
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is imperative to develop simple and efficient preparation methods. Hitherto, the 114 

general synthetic strategies reported in the literatures can be mainly classified into 115 

three categories, including self-assembly approach, template-directed approach, and 116 

other approaches.[37] Among these techniques, the “bottom up” self-assembly 117 

approach of graphene oxide (GO) has been regarded as one of the powerful strategies 118 

to integrate nanostructure building blocks into macroscopic materials. Since it is 119 

cost-effective, high-yield, and adjustable, solution-based reduction of GO is regarded 120 

as a well-developed self-assembly approach to induce the gelation.[51] In this part, 121 

we will summarize the common synthetic methods, namely, hydrothermal reduction, 122 

chemical reduction, and metal ion induced self-assembly that require the GO as 123 

precursor.  124 

2.1.1 Hydrothermal reduction 125 

Hydrothermal reduction is an important strategy for the reduction of GO and 126 

inducing the self-assembly of GO. Generally, the reaction system is operated in an 127 

autoclave under a moderately high temperature. In 2010, Xu et al. [52] prepared a 128 

high-performance self-assembly graphene hydrogel (SGH) via a facile one-step 129 

hydrothermal process. Briefly, 2 mg/mL GO aqueous dispersion was sealed in a 130 

Teflon-lined autoclave and heated to 180°C for 12 h to obtain SGH. After 131 

freeze-drying, the well-defined and interconnected 3D porous network with 132 

cross-linking sites can be observed by scanning electron microscopy (SEM). GO 133 

concentration and reaction time are the key influence factors determining the 134 

properties of as-prepared SGH. The formation of SGH is driven by strong 135 
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hydrophobic and π-π stacking interactions of reduced graphene oxide (rGO), 136 

indicating that the concentration of GO should beyond a critical value. The low 137 

concentration of GO (0.5 mg/mL) can’t form strong hydrophobicity and π-conjugated 138 

structures of reduced GO sheets in aqueous solutions, thus the cross-link is difficult to 139 

occur. In contrast, the high concentration (2 mg/mL) can provide enough contact 140 

opportunities for cross-link to obtain SGH as shown in Figure 1a. With the time 141 

increasing, the sizes of as-prepared SGH by hydrothermal reduction of 2 mg/mL GO 142 

decreased obviously initially and subsequently changed little (Figure.1b). For 143 

fabricating macroporous structures of 3D graphene materials (MGM) with high 144 

compression resilience ratio, an improved hydrothermal process is developed by Li’s 145 

group via reduction of emulsions formed by shaking mixtures of GO and hexane.[53] 146 

As the hexane droplets can be stably dispersed in GO dispersion homogeneously, 147 

during the hydrothermal process, the 3D network will be formed around the hexane 148 

droplets and kept the shape of hexane droplets. Thus, the macroporous structures can 149 

be obtained. In comparison with the aerogel made from a pure GO aqueous dispersion, 150 

the pore sizes and volume of MGM aerogel are much bigger, and the value of weight 151 

density is much lower (8.6 mg cm-3 VS 24.4 mg cm-3). In their case, the morphology 152 

and weight density of as-prepared 3D graphene materials are also dependent on the 153 

concentration of GO. Following the idea and results of this work, this technique can 154 

be further explored to fabricate MGM with other hydrophobic organic compounds. In 155 

2014, Shi et al.[54] prepared a 3D graphene hydrogel via hydrothermal treatment of 156 

the hydrochloric acid-treated GO solution at 150°C for 5 h, which showed a denser 157 
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structure with smooth interspace, and assembled many graphene sheets together 158 

compared to the traditional hydrothermal treatment. For illuminating the mechanisms 159 

of gelation and hydrothermal reduction, Hu et al. [55] reported an in-depth analysis of 160 

the reaction products during preparing hydrothermal reduced graphene oxide 161 

hydrogels (GHGs) in 2016 as shown in Figure 2, which can deepen the understanding 162 

of hydrothermal reduction. It shows obvious differences in the morphology and 163 

chemistry between GHGs that reduction under the acidic and basic conditions. For 164 

example, the hydrogel with large bulges in its surface is floated under acidic condition 165 

(without ammonia addition), whereas the hydrogel sinks in basic conditions. The 166 

floatation is ascribed to CO2 bubbles entrapped inside the hydrogels that can decrease 167 

the density of the GHG without ammonia addition. These findings provide important 168 

implications on the optimization of the gelation conditions. Overall, the hydrothermal 169 

reduction process involves the removal of functional groups on GO (reduction process) 170 

and the self-assembly driven by hydrophobic and π-π stacking interactions of rGO 171 

(gelation process). 172 

2.1.2 Chemical reduction  173 

Chemical reduction self-assembly methods have been widely used to fabricate 3D 174 

GBMs using various reducing agents under mild conditions. In a typical procedure, 175 

the reducing agent is added to the GO aqueous dispersion, and heated to 90-95°C for 176 

a certain period of time under atmospheric pressure without stirring. Compared with 177 

hydrothermal reduction, neither high temperature nor long time is necessary in the 178 

mild chemical reduction process. For instance, Chen and Yan[56] reported a mild 179 
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chemical reduction method to prepare 3D architectures of graphene. They found that 180 

the reducing agents such as NaHSO3, Na2S, vitamin C (VC), HI, and hydroquinone 181 

were effective to prepare the 3D graphene hydrogels and aerogels, while the 182 

well-known reducing agent hydrazine failed. The as-prepared 3D architectures of 183 

graphene also showed high mechanical strength, low-density, thermal stability, high 184 

electrical conductivity, etc., making them promising candidates as support for 185 

catalysts. The self-assembly mechanism (Figure 3) is driven by hydrophobic and π-π 186 

stacking interactions, which is similar with the hydrothermal reduction method. Note 187 

that in this procedure, the mass ratio of reducing agent and GO may play important 188 

roles in the synthesis of hydrogels. Sui et al.[57] synthesized rGO hydrogel by a 189 

simple reduction route with excess VC. In this experiment, they set up a series of 190 

mass ratios of VC and GO ranging from 832: 1 to 1: 8. The results showed that the 191 

hydrogels could be observed when the mass ratio was higher than 1: 2. In addition, 192 

Sheng et al.[ 58 ] prepared high-performance SGHs using sodium ascorbate as 193 

reducing agent, and they found that the starting concentration of GO, reaction 194 

temperature, and reaction time were strongly related to the structure and properties of 195 

SGHs as well. Zhang et al.[59] fabricated SGHs using L-cysteine as both templating 196 

and reducing agent, which showed high mechanical strength, thermal stability, and 197 

large specific surface area. Phenolic acids, the main aromatic secondary metabolites 198 

of plants, were also proved to reduce GO and prepare SGHs via in situ self-assembly. 199 

The resultant monolithic graphene exhibited high porosity, excellent mechanical 200 

strength, and electrical conductivity.[60] Tannic acid as a mild reducing agent was 201 
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also used to fabricate the 3D graphene materials. The obtained graphene aerogel had 202 

high specific surface area and showed good mechanical strength and thermal 203 

stability.[61] Although the properties of SGHs are somewhat different using different 204 

reducing agents, the differences may extend the scope of applications. In conclusion, 205 

chemical reduction self-assembly approach is a simple and rapid synthesis method for 206 

3D GBMs, and the proper reducing agents are important in the chemical reduction for 207 

the special design of 3D GBMs. 208 

2.1.3 Metal ion-induced self-assembly 209 

Many researchers have reported that the self-assembly of GO sheets can be 210 

obtained by metal ions induction. In 2010, Jiang et al.[62] reported the self-assembly 211 

3D graphene architecture by divalent ion linkage, and suggested that the sufficient 212 

divalent ion was critical for the formation of 3D architecture. Moreover, polyvinyl 213 

alcohol (PVA) was introduced into the gel to prevent the structure collapse. 214 

Graphene/iron oxide hydrogels with 3D interconnected networks can be prepared by 215 

ferrous ions induction.[63,64] The initial pH of GO suspension can significantly affect 216 

the compositions of as-prepared graphene hydrogels. The magnetic 3D graphene 217 

hydrogel can be fabricated when adjusting the pH to 11. If not (such as pH 3–10), the 218 

α-FeOOH will be dominated in the products, which is the indication for other studies. 219 

[64] Similarly, Co3O4 and Mn3O4 nanoparticles can grow on the 3D graphene 220 

hydrogels uniformly by the induction of Co2+ and Mn2+, respectively.[65,66] In the 221 

reaction system, metal ions act as both a cross linker and reducing agent to drive the 222 

self-assembly and transformation of GO into 3D gel structure. 223 
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2.2 High adsorption capacity  224 

High adsorption capacity is recognized as a prerequisite for the catalytic 225 

degradation.[37] Thus, it’s a feasible approach to increase the catalytic performance of 226 

catalysts combining with an ideal adsorbent. Large number of research reports have 227 

shown the excellent adsorption capacity of 3D GBMs to various organic dyes removal. 228 

For instance, 3D GO sponge showed great adsorption capacity for methylene blue 229 

(MB) and methyl violet (MV) removal with high speed and efficiency, due to the 230 

strong π-π stacking and anion-cation interaction.[67] Tiwari et al.[68] investigated the 231 

removal ability for organic dyes, such as MB and rhodamine B (RhB), using 3D 232 

rGO-based hydrogels as adsorbents. The results showed that excellent adsorption 233 

efficiency of 3D rGO-based hydrogels for removing MB (~100%) and RhB (~97%) 234 

were mainly via π-π stacking and anion-cation interactions. Luo et al.[61] reported the 235 

excellent adsorption of monolithic 3D graphene towards dyes. Liu et al.[ 69 ] 236 

fabricated a 3D reduced graphene oxide (GRGO) aerogel and found the superior 237 

adsorption performance towards RhB, MB and crystal violet (CV). Meanwhile, the 238 

maximum adsorption capacity of RhB reached 280.8 mg/g, which was better than 239 

other adsorbents. Sui et al.[70] found that 3D GO-Polyethylenimine (GEPM) porous 240 

materials exhibited an excellent adsorption capacity for amaranth (800 mg/g) due to 241 

the pore-rich and amine-rich graphene structure. Kim et al.[71] reported the different 242 

adsorption behaviors for cationic and anionic dyes on 3D rGO macrostructure based 243 

on the different adsorption mechanisms (Figure. 4), and found that as-prepared 3D 244 

rGO macrostructures were more favorable for cationic dyes adsorption. Zhang et 245 
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al.[72] reported the improved adsorption capacity of TiO2-graphene hydrogel (TGH), 246 

which was significantly higher than the GH and TiO2 nanoparticles for MB removal. 247 

More importantly, the adsorption performance of catalysts is greatly improved after 248 

being loaded on 3D porous materials, thus promoting the development of catalyst 249 

supports. In addition, the nitrogen and sulphur co-doped 3D graphene hydrogels 250 

(N/S-GHs) showed improved adsorption ability for organic dyes (MB, malachite 251 

green, and crystal violet), which was ascribed to the surface modification with 252 

heteroatoms that can improve the properties of 3D graphene structures, thus 253 

enhancing the removal capacities.[73] In summary, the electrostatic interaction and 254 

π-π stacking are considered as the main interaction forces for the adsorption behavior. 255 

Actually, in addition to dyes, 3D GBMs also show excellent removal performance 256 

towards other organic pollutants, oils, and heavy metals,[74-77] exhibiting great 257 

application potential in water clean-up. 258 

2.3 Excellent practical application performance 259 

The convenient solid-liquid separation is important for the regeneration of materials. 260 

To date, various separation free hybrid hydrogels as catalysts supports have been 261 

fabricated for the wastewater treatment.[ 78 , 79 ] For example, separation free 262 

C3N4/SiO2 hybrid hydrogels have been used as photocatalysts for the removal of total 263 

organic carbon content (TOC) of coking wastewater.[80] C3N4-agar hybrid hydrogel 264 

photocatalysts could effectively degrade phenol and MB.[ 81 ] These reports 265 

collectively demonstrated the advantages of 3D materials in high reactivity and 266 

separation-free in bulk material, providing facile operation in wastewater treatment. 267 
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As reported above, the floatation of 3D graphene gel has been illustrated.[55] The 268 

same phenomenon also can be observed in many reports due to their high porosity, 269 

low density, and hydrophobicity.[55,73] In addition, high mechanical strength of 3D 270 

graphene is another important property for the practical application. For example, Xu 271 

et al. [52] prepared SGH (diameter around 0.8 cm) with mechanically strong which 272 

can support 100 g weight with little deformation, which can avoid the collapse of 273 

materials in practical application. This free separation and high mechanical strength 274 

are beneficial for the separation, thereby further enhancing the practical application of 275 

3D GBMs.  276 

3. Degradation of organic dyes pollutants 277 

3.1 Photocatalysis  278 

Photocatalytic degradation is an important advanced oxidation process (AOP) 279 

technology to degrade organic pollutants.[82] In the photocatalytic degradation 280 

process, organic pollutants are attacked and destroyed by the reactive species such as 281 

hydroxyl radicals (HO) and holes (h+), which are formed by a multi-step process with 282 

the interaction of photocatalyst, energetic light source, and oxidizing agent such as 283 

oxygen or air.[83,84] In the past decades, various semiconductor materials have been 284 

widely used as photocatalysts in the treatment of the organic pollutants.[85,86] 285 

However, the photocatalytic activities of pure photocatalysts are usually impeded by 286 

their low adsorption efficiency, limited photocatalytic sensitivity, and fast 287 

recombination of photogenerated electron–hole pairs.[87,88] In addition, the difficult 288 

separation from the treated water is not beneficial for the practical applications.  289 

Accepted Manuscript



 

 
 

3.1.1 Photocatalysis performance 290 

To overcome the limitations mentioned above, 3D graphene materials have been 291 

employed as supports in photocatalysis, which can improve the adsorption ability, 292 

photocatalytic activity, and recovery. More than those, 3D graphene incorporated 293 

semiconductor photocatalysts can exhibit higher catalytic activity over pure 294 

photocatalysts due to the synergistic effects between graphene and additives.[72] In 295 

addition to the excellent catalytic activity, the as-prepared photocatalysts also show 296 

superior durability. The relevant reports presented as follows: 297 

In 2012, Hou et al.[ 89 ] investigated the photocatalytic properties of 3D 298 

P25-graphene hydrogels, which was obtained by a room-temperature route, in the 299 

removal of MB dyes. This hydrogel shows higher decontamination efficiency 300 

compared to pure P25 and P25-MWCNTs-graphene. Under UV light irradiation, it 301 

needs just 1 h to completely decompose the dyes using this hydrogel, while it takes 302 

more than 3 h for pure P25 and P25-MWCNTs-graphene. Meanwhile, the 3D 303 

graphene-based composites exhibit good durability and stability, that is, no significant 304 

decrease in photocatalytic activities and no significant changes occur in physical 305 

structure after four reaction cycles. In addition, they also suggested that the 3D porous 306 

stereostructure is responsible for the enhanced adsorption. Similarly, Zhang et al.[72] 307 

explored the application of TiO2-graphene hydrogel (TGH) as adsorbent and 308 

photocatalyst in environmental remediation. This hydrogel shows higher 309 

photocatalytic activities in comparison with pristine graphene hydrogel and TiO2 NPs, 310 

as well as more excellent adsorption capacity. After the adsorption of MB onto TGH, 311 
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a photodegradation experiment was conducted under the simulated UV irradiation. It 312 

shows that the degradation process can be completed within 30 min in the presence of 313 

TGH. In contrast, a part of the initial dye (nearly 33%) still remains in the solution 314 

after the same time period for neat TiO2 nanoparticles. More importantly, TGH still 315 

exhibits good reversibility and regeneration after five photocatalytic reaction cycles, 316 

and 53% of photocatalytic activity of TGH still remains. 3D graphene aerogels (GAs) 317 

also have the potential for photocatalysis. TiO2/GAs prepared by a hydrothermal 318 

method using glucose as linker and dispersant exhibit a highly recyclable 319 

photocatalytic activity for methyl orange (MO) pollutant.[90] It shows that the 320 

degradation of MO can be up to 90% by this as-prepared TiO2/GAs after solar light 321 

irradiation for 5 h, and 83% of photocatalytic activity of this catalyst still maintains 322 

after five reaction cycles. Note that in the wastewater purification process, the 323 

recovery of photocatalysts needs to be improved. The superior recyclability is a 324 

critical factor for the practical applications. For this reason, Moon et al.[85] studied 325 

PVA/poly (acrylic acid)/TiO2/ graphene oxide (PVA/PAAc/TiO2/GO) hydrogels for 326 

the photocatalytic degradation of organic pollutants. The recycling tests confirmed 327 

that more than 90% of photocatalytic activity was maintained after three consecutive 328 

cycles. Wang et al. [91] reported a good reusability of 3D-GO/PVA/TiO2 composite 329 

for the photacatalytic degradation of MB and MV. After five runs, the removal 330 

efficiency still remained 88.9% and 83.2% for MB and MV, respectively. As is well 331 

known, TiO2 has been widely recognized as one of the most efficient photocatalyst in 332 

water purification, due to their non-toxcity, low cost, physical and chemical stability, 333 
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and high reactivity.[85,92,93] Besides the common TiO2-based photocatalysts, other 334 

semiconductors-based photocatalysts have good pollutants removal ability as well. 335 

For example, Cu2O-RGO composite aerogel shows superior photocatalytic activity for 336 

MO degradation. After irradiation for 5 h, nearly 70% MO is degraded with 337 

Cu2O-RGO composite aerogel, while the degradation rate is not higher than 30% with 338 

the Cu2O nanoparticles.[94] 3D G/ZnO exhibits good stability and the degradation 339 

rates of MO are 94.25%, 87.5%, and 81.8%, respectively, after 60 min of irradiation 340 

in three reaction operations.[ 95 ] Compared to bare CeO2 nanostructures, 3D 341 

CeO2-GAs displays enhanced photocatalytic activity on the degradation of RhB.[96] 342 

In addition to metal oxide semiconductor NPs, other semiconductors NPs are also 343 

usually incorporated with 3D graphene gels for photocatalysis, such as ZnS-GAs and 344 

MoS2-GO composite hydrogel.[97,98] These photocatalytic materials also achieve the 345 

superior photocatalytic performance, owing to the efficient charge transfer from metal 346 

sulfide to graphene sheets. BiOBr/RGO aerogel also shows high stability and superior 347 

activity for degradation of pollutants in aqueous system.[99] In addition to metal 348 

oxide or metal sulfide semiconductor NPs, the combination with metal NPs, such as 349 

Ag,[ 100 , 101 ] endows 3D graphene-based materials superior photocatalytic 350 

performance as well. For instance, Ag nanoparticles-containing RGO-based 351 

composite hydrogel can almost degrade RhB completely with approximately 70 min, 352 

and MB with approximately 30 min under UV irradiation.[100] 353 

Overall, the 3D GBMs supported photocatalysts show excellent photocatalytic 354 

performance towards organic dyes. The enhanced removal performance may attribute 355 
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to the synergy of adsorption and photocatalysis via supporting photocatalysts on the 356 

3D graphene gel. It has reported that the synergy of adsorption and photocatalysis can 357 

efficiently increase the removal of chromium and bisphenol A by 3D graphene 358 

gels.[75,102,103] For dyes removal, the superb adsorption-photocatalysis is also be 359 

verified.[72,91] Thus, the combination of superb adsorption capacity of 3D graphene 360 

gels and the photocatalysis of photocatalyst is an efficient approach for achieving high 361 

dyes removal performance.  362 

3.1.2 Photocatalytic degradation mechanisms 363 

To date, it has been found that the applications of 3D graphene loaded with metal 364 

oxide NPs are becoming more and more popular in organic pollutants degradation. 365 

Thus, for understanding the photocatalytic degradation pathways of 3D 366 

graphene-based photocatalysts, we will take two typical metal oxide-graphene 367 

composites (e.g., TiO2 and ZnO) for examples to explain the photocatalytic process. 368 

As mentioned above, the two metal oxide-graphene based composites exhibit 369 

excellent photocatalytic performance and good durability and stability in organic 370 

pollutants degradation, which is superior to pure catalysts. The reasons for the 371 

improved performance of 3D garphene-based materials can be explained by: (a) 3D 372 

porous nanostructural graphene possesses higher adsorption capacity for pollutants; (b) 373 

the metal oxide NPs, which contribute to the catalytic ability, have a high dispersity 374 

on the 3D graphene support; (c) 3D graphene has high carrier mobility, which is 375 

beneficial for the charge carriers separation.[37,89,94] Furthermore, compared with 376 

2D graphene sheets, the 3D graphene networks can facilitate the stereoscopic mass 377 
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electron transfer, which would be confined to a plane in 2D sheets as shown in Figure 378 

5.[89] Generally, the whole photocatalytic process can be described as follows: the 379 

metal oxide NPs are excited to generate electron-hole pairs under irradiation, and the 380 

photogenerated carriers can be formed on the surface of 3D GBM, then interact with 381 

the dye molecules (redox reactions), leading to the decomposition of the dye into CO2 382 

and H2O. Taking 3D ZnO/G composite for example,[95] the detail steps can be 383 

written as: 1) the activation of ZnO by UV light: ZnO + hv→ e- +h+; e- + O2 → O2
- 384 

2) the oxidative and reductive reaction: O2
- + H+ → HO2

; 2HO2
 → H2O2 + O2; 385 

H2O2+ O2
- → HO+ O2 + OH-; HO + organic dyes → CO2 + H2O. 386 

3.2 Biocatalytic degradation 387 

Biocatalytic degradation has been regarded as a feasible route for pollutants 388 

removal by microbial reaction and biodegradation enzymes.[ 104 ] Enzymes as 389 

biocatalysts in microbial biodegradation pathways play key roles in bioremediation, 390 

thus having become an attractive and available biological method. However, the 391 

practical applications of microorganisms or enzyme catalyzed reactions have 392 

numerous challenges including low resistance, catalytic efficiency, stability, and 393 

recyclability.[105] Several approaches have been used to deal with the drawbacks, 394 

and immobilization is an efficient approach to solve the mentioned problems.[106,107] 395 

Since immobilization of active biospecies (such as enzymes and cells) exhibits the 396 

advantageous property,[108] this technology opens up the opportunities for the 397 

development of effective biocatalysts. Currently, the combination of nano- and 398 

bio-technology is already a mature field of research. With the rapid development of 399 
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nanostructured materials, 3D GBMs as the intriguing supports have attracted intensive 400 

interest.  401 

White rot fungi, a class of microorganisms that can decompose a wide range of 402 

organic pollutants due to the role of ligninolytic enzymes, have been widely applied in 403 

wastewater treatment.[ 109 - 112 ] To date, several researchers have studied the 404 

immobilization of microorganisms or enzymes on 3D GBMs. Rodriguez-Couto et 405 

al.[113] have explored the immobilization of white rot fungus Trametes pubescens 406 

using graphene hydrogels and xerogels as supports, the results showed that the laccase 407 

activities produced by the fungus were accelerated by immobilization on the 3D 408 

graphene gels, and much higher than other inert supports. Following this exciting 409 

discovery, their group conducted another work to reinforce the hydrogel by 410 

incorporating polymer and test the performance of nanobiocatalysts (laccase 411 

immobilized on the hydrogel supports) in the oxidative degradation of the recalcitrant 412 

synthetic dye (Remazol Brilliant Blue R, RBBR). The encouraging results showed 413 

that nanobiocatalysts exhibited strong catalytic activities and high stability with the 414 

completed discoloration of relatively high RBBR concentration in each of the four 415 

successive batches, paving the way for the application of nanobiocatalysts in 416 

environment remediation.[114] It is worth mentioning that the main degradation 417 

action is caused by the immobilized enzymes. The relevant information of laccase can 418 

be obtained from other reviews.[115,116] Actually, the as-prepared 3D graphene gels 419 

can help the enzyme overcome the main disadvantages such as the fragile nature, and 420 

promote the catalytic activity and stability. In another word, the supports play pivotal 421 
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roles in maintaining the performance of enzymes. Thus, how to enhance the link and 422 

synergy between 3D graphene gels and biospecies deserves further research.  423 

In addition to acting as the supports for photo- and bio-catalysts, 3D graphene has 424 

also been regarded as one of the promising candidates to support some special 425 

catalysts. For example, Zhang’s group[117] prepared an iron electrode coating by 426 

graphene sponge (GS-Fe electrode), which could significantly improve the 427 

decoloration performance of Fe electrode for the decoloration of MB. Their results 428 

showed that the decoloration kinetics constant of GS-Fe electrode was five times than 429 

that of Fe electrode at the same current density, and its performance remained nearly 430 

unchanged in the recycling evaluations. Wang’s group[118] fabricated a novel 3D 431 

GBM utilizing 3D graphene foam as a matrix to support nanoscale zero-valent iron 432 

(nZVI) particles (3DG-Fe) for the degradation of orange IV azo dye. Compared with 433 

Fe NPs and Fe beads, the 3DG-Fe composites degraded 94.5% of orange IV within 60 434 

min, showing much higher degradation activity with orange IV. Electrolysis is a 435 

widely used technology in water treatment. Luo et al.[119] found that the tannic acid 436 

functionalized graphene hydrogel entrapped with gold nanoparticles (Au@TA-GH) 437 

exhibited good catalytic activity toward the reduction of MB with the addition of 438 

NaBH4. Qiu et al.[120] prepared 3D hierarchical cobalt ferrite/graphene aerogels 439 

(CoFe2O4/GAs), which showed high and recyclable Photo-Feton activity for MO 440 

degradation. Furthermore, photoelectrocatalytic technology, a photoelectric 441 

synergistic technology in catalytic oxidation, has exhibited great application prospect 442 

for organic pollutants degradation.[121,122] Chen et al.[123] reported the efficient 443 
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photoelectrocatalytic mineralization ability of TiO2-graphene hydrogel (TGH) 444 

electrodes towards MB and phenol. Therefore, it is worthwhile to point out that 445 

various 3D GBMs catalysts can be used for organic dyes removal through different 446 

degradation pathways, which expand their application potential. Meanwhile, the 447 

combination of different technologies for pollutants removal should receive attention.  448 

4. Influence factors on catalytic efficiency 449 

As mentioned above, 3D graphene gels acting as catalyst supports can indeed 450 

enhance the catalytic performance of pure catalysts. Nonetheless, the catalytic 451 

efficiency will be influenced by some factors, such as the composition of 3D GBMs, 452 

solution pH, and initial dye concentration. Herein, we will discuss the main influence 453 

factors so as to better design and use the 3D GBMs catalysts for organic pollutants 454 

removal.  455 

The catalytic activity of 3D GBMs is attributed to the synergistic effect of 3D 456 

self-assembly graphene sheets with the loaded nanoparticles or active biospecies. For 457 

photocatalysis, the surface and structural properties of catalysts such as crystal 458 

composition, porosity, and surface areas are of great importance.[84] Thus, how to 459 

design the incorporation of graphene sheets and catalysts nanoparticles should be 460 

taken into consideration. Several studies have reported the effects of the composition 461 

of 3D GBMs on photocatalytic activity. For example, Zhang et al.[72] prepared TGH 462 

with the ratio of TiO2 to graphene ranging from 1: 5 to 4: 1, they found that the 463 

photocatalytic activities of TGH were enhanced with the increasing ratio of TiO2 to 464 

graphene and reached the maximum value when the ratio increased to 4: 1. Similarly, 465 
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the increasing TiO2 proportions in TiO2/GAs can significantly increase its capacity for 466 

MO degradation.[90] Furthermore, PVA/PAAc/TiO2/GO hydrogel with a higher 467 

content of GO can accelerate the photocatalytic decomposition of model pollutant 468 

dyes,[85] on account of that the adsorption of pollutants and the interfacial 469 

electron-transfer process between TiO2 and GO are improved by the addition of GO. 470 

Actually, a proper content ratio is critical for improving the catalytic performance, 471 

because insufficient graphene can’t provide enough channels for electrons transfer, 472 

while excessive graphene will prevent the UV light from reaching the surface of 473 

photocatalysts.[98,124] Therefore, it is evident that the composition of 3D GBMs can 474 

affect the decomposition capacity for pollutants removal.  475 

Moreover, the solution pH is also an important influence factor for the degradation 476 

of dyes. Moon et al.[85] found that the photocatalytic decomposition behavior of 477 

PVA/PAAc/TiO2/GO nanocomposite hydrogel was pH-sensitive. With the pH 478 

increasing from 2 to 10, the photocatalytic activity increased dramatically. Wang et 479 

al.[118] found that the degradation efficiency and the rate constant increased with the 480 

pH decreasing from 11 to 3, suggesting that the degradation of organic IV by 3 DG-Fe 481 

was acid-driven. However, there is no significant change in the catalytic performance 482 

of Au@TA-GH during the pH range of 5.0-11.[119] The degradation rate of 483 

CoFe2O4/GAs on MO decreased a little under different pH (range from 3.5 to 9).[120] 484 

Obviously, with regard to different organic dyes and catalysts, the solution chemistries 485 

will present different effects on their catalytic activity. As shown in Table 1, the 486 

catalytic capacity of catalysts was different when respond to different initial pollutants 487 
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concentrations. Generally, the degradation efficiency of catalysts decreases with the 488 

increase of initial pollutants concentration. Cai et al.[95] suggested that more 489 

molecules were adsorbed on the 3D graphene/ZnO surface at a high dyes 490 

concentration solution, thus leading to the reduction of light intensity on the catalyst 491 

surface. Consequently, the degradation rate and capacity were reduced due to the 492 

reduction of generated electron-hole pairs. Meanwhile, they also suggested that the 493 

optimum dosage of catalyst and light irradiation time were necessary to ensure strong 494 

degradation efficiency. Noticeably, various operating parameters will impact the 495 

catalytic performance. However, the research on environment conditions that 496 

influence the organic dyes removal using 3D GBMs as catalysts is limited. A highlight 497 

of the effects of various parameters on the dye degradation may reduce our knowledge 498 

gap. Thus, in order to understand the role of main factors, much work is needed to be 499 

carried out.   500 

5. Conclusions and Perspectives 501 

In summary, 3D graphene has unique morphology, porous structure, and electronic 502 

properties. It has been explored for the design and application as catalysts support for 503 

the removal of various organic dyes. Generally, the organic pollutants degradation 504 

pathways mainly include photocatalysis, biocatalysis, electrocatalysis, and so on. The 505 

coupling of 3D graphene with photoactive semiconductors or active enzymes 506 

synergistically improves the removal capacity in wastewater treatment. Additionally, 507 

3D graphene can act as stabilizer, enhancing the durability and stability of catalysts. 508 

However, it is worth noting that the composition of 3D GBMs and solution 509 
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chemistries can influence their removal efficiency, thus more efforts should be 510 

devoted to the proper design with optimum catalytic capacity. Furthermore, the 511 

research on 3D GBMs is still at early stage. Many technology problems remain to be 512 

solved. Therefore, several aspects of 3D graphene as catalytic support in practical 513 

environmental organic dyes removal deserve further efforts. 514 

1) Investigate the catalyst morphology-dependent catalysis on organic dyes: It comes 515 

to a conclusion that the composition of 3D GBMs plays an important role in the 516 

catalysis. However, the controlling morphology of catalysts loaded on graphene gels 517 

is usually neglected, which has been explored in the pure catalysts experiments. For 518 

example, nanostructured TiO2 shows various morphologies, such as nanoparticles, 519 

nanorods, nanowires, and nanotubes, which can be prepared by different synthesis 520 

methods. In addition, the different hierarchical morphologies of TiO2 (1D nanorods 521 

and 3D microspheres) exhibit different photodegradable activities of phenol.[125] 522 

Thus, it is a valuable research subject. 523 

2) Seek the potential improving degradation approaches: The high degradation or 524 

mineralization efficiency to organic dyes is extremely critical for the colored 525 

wastewater cleanup. Till now, researchers have suggested that the combination of 526 

multifarious types of nanomaterials is an efficient approach to enhance the catalytic 527 

activities.[87, 126 ] With the development of nano- and bio-technology, the 528 

immobilization of microbes on nanomaterials also plays an increasingly vital role in 529 

wastewater treatment.[ 127 - 129 ] Therefore, the combination of biocatalyst and 530 

photocatalyst or other catalysts on the support of graphene gels is worth of exploring. 531 
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3) Understand the effects of co-existing pollutants: Large number of research has 532 

shown that 3D GBMs have the great potential in various organic pollutants and heavy 533 

metals wastewaters treatment. Theoretically, the adsorption of these pollutants will 534 

occupy the active sites of 3D GBMs, which may influence their catalytic performance. 535 

Thus, whether and how the co-existing pollutants influence the removal of organic 536 

dyes remains to be answered.   537 

4) Research the practical application of 3D GBMs in the real wastewater: Unlike the 538 

laboratory experimental study, the conditions of real wastewater are unable to control. 539 

The diversity of aqueous solution physicochemical and biological factors may lead to 540 

the decrease of catalytic capacity and materials stability. For example, Chen et al.[130] 541 

have highlighted the biodegradation of graphene by multiple types of microbes. 542 

Overall, the complexity of real wastewater may inhibit the practical application of 3D 543 

GBMs. Hence, considerable efforts should be devoted to their application in real 544 

wastewater.   545 
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