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Abstract 18 

The development of carbon materials brings a new two-dimensional catalyst 19 

support, graphdiyne (GDY), which is attracting increasing interest in the field of 20 

catalysis. This article presents a systematical review of recent studies about the 21 

characteristics, design strategies, and applications of GDY-supported catalysts. The 22 

sp- and sp2-hybridized carbon, high electrical conductivity, direct band gap, and high 23 

intrinsic carrier mobility are key characteristics for GDY to serve as a competitive 24 

catalyst support. Hydrothermal method (or solvothermal method), GDY in-situ 25 

growth, and electrochemical deposition are commonly used to load catalysts on GDY 26 

support. In the applications of GDY-supported photocatalysts, GDY mainly serves as 27 

an electron or hole transfer material. For the electrocatalytic hydrogen production, the 28 

unique electronic structure and high electrical conductivity of GDY can promote the 29 

electron transfer and water splitting kinetics. This review is expected to provide 30 

meaningful insight and guidance for the design of GDY-supported catalysts and their 31 

applications. 32 

 33 
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Abbreviations: 57 

2D, two-dimensional; 3D, three-dimensional; CNT, carbon nanotube; CV, cyclic 58 

voltammetry; CVD, chemical vapor deposition; DFT, density functional theory; DMF, 59 
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spectroscopy; g-C3N4, graphitic carbon nitride; GDY, graphdiyne; GO, graphene 61 
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N-methyl pyrrolidone; NPs, nanoparticles; RhB, rhodamine B; RHE, reversible 64 

hydrogen electrode; SCE, saturated calomel electrode; TEOA, triethanolamine; TOF, 65 

turnover frequency 66 
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1. Introduction 68 

Energy crisis and environmental pollution are two significant issues faced by the 69 

humankind nowadays (Alharbi et al., 2018; Musa et al., 2018; Landrigan et al., 2019; 70 

Poudyal et al., 2019). The utilization of coal, petroleum, and natural gas has greatly 71 

pushed the development process of world economy and human society, and these 72 

fossil fuels are the main sources of world energy supply (Nehring, 2009). However, it 73 

is estimated that the reserve depletion time of coal, petroleum, and natural gas is only 74 

about 107, 35, and 37 years, respectively (Shafiee and Topal, 2009). Thus, the 75 

development of renewable energy sources is urgently needed. Hydrogen energy is a 76 

widely acknowledged clean energy without carbon emission and has been considered 77 

as one of the most promising alternative energy sources (Stern, 2018; Maggio et al., 78 

2019). Producing hydrogen via water splitting is an attractive strategy and many 79 

efforts have been made to achieve this goal (Iqbal and Siddique, 2018; Qi et al., 2018; 80 

Saraswat et al., 2018; Hisatomi and Domen, 2019; Zhou et al., 2020). On the other 81 

hand, numerous pollutants resulted from human activities are discharged into the 82 

atmosphere, water, and soil, which threatens human health and reduces life quality. 83 

For example, fiber production in textile industry may produce highly contaminated 84 

wastewater that contains dyes (e.g., azo, anthraquinone, indigo, triarylmethane, 85 

phthalocyanine, and sulphur dyes), heavy metals, acid or alkali, fibers, detergents, 86 

sulfides, and nitro compounds (Yaseen and Scholz, 2019). These pollutants may not 87 

only cause direct damage to water sources and threaten drinking water safety, but also 88 

affect agricultural irrigation and fishery production (Lu et al., 2015; Saha et al., 2017; 89 
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Salgot and Folch, 2018). Thus, treating the wastewater is necessary to minimize its 90 

harmful effects. 91 

Catalysts play important roles in efficient hydrogen production and organic 92 

pollutant degradation. Due to the high catalytic activities, noble metal catalysts, such 93 

as Pt, Pd, Ag, and Rh, dominate the current commercial catalyst market (Parmon et al., 94 

2010). However, the resource scarcity, exorbitant price, and relatively low stability of 95 

noble metal catalysts limit their large-scale use, which leads to the development of 96 

many alternative catalytic materials, such as metal oxides (Smestad and Steinfeld, 97 

2012; Dong et al., 2015), transition metal sulfides (Ivanovskaya et al., 2013; Wu et al., 98 

2017), metal-organic frameworks (Dhakshinamoorthy et al., 2012; Xiong et al., 2018), 99 

Mxenes (Gao et al., 2017; Yang et al., 2019a), and many metal-free catalysts (Liu and 100 

Dai, 2016; Wang et al., 2019). The development of carbon materials brings many 101 

excellent carbon-based catalysts, including carbon nanotube (CNT) (Yan et al., 2015; 102 

Song et al., 2018), graphene (GR) (Huang et al., 2012; Liu et al., 2019b), biochar (Lee 103 

et al., 2017; Ye et al., 2019), and graphitic carbon nitride (g-C3N4) (Naseri et al., 2017; 104 

Yang et al., 2019b). Compared with other catalytic materials, carbon-based catalysts 105 

show apparent superiority in stability, durability, and cost (Zhai et al., 2015). This 106 

enables them to be potential substitutes for noble metal catalysts. Recently, a new 107 

class of two-dimensional (2D) carbon materials, graphynes, attracts increasing 108 

attention in catalysis field. Graphynes are all-carbon molecules with a planar network 109 

structure that contains both sp- and sp2-hybridized carbon atoms, and it can be viewed 110 

as the replacement of carbon-carbon bonds in graphene by one or more acetylenic 111 

Ac
ce
pt
ed
 M
S



7 
 

linkages. According to the number of acetylenic linkages for replacing each 112 

carbon-carbon bond in graphene, graphynes can be classified into graphyne, 113 

graphdiyne (GDY), graphtriyne, and so on (Huang et al., 2018; Gao et al., 2019). As 114 

currently the most active member of graphyne family, GDY has many different 115 

molecular configurations and the typical ones are known as α-GDY, β-GDY, and 116 

γ-GDY (Fig. 1a). The Greek letters indicate the closeness of GDY to the symmetric 117 

modifications describing them to that for hexagonal graphene layers, where α-GDY is 118 

the closest one to graphene (Belenkov et al., 2015). In the molecular configuration of 119 

α-GDY, diacetylenic linkages (−C≡C−C≡C−) replace all the carbon-carbon bonds of 120 

graphene in the symmetric modification. When only two thirds or one third of the 121 

carbon-carbon bonds are replaced by diacetylenic linkages, the resulting GDY is 122 

called β-GDY or γ-GDY, respectively. Among these types of GDY, γ-GDY has more 123 

stable configuration, and has been mostly studied at present. In this paper, GDY refers 124 

to γ-GDY unless otherwise specified. Since the successful synthesis of γ-GDY was 125 

reported by Li et al. (2010), GDY has become a research hotspot in materials, 126 

chemistry, physics, and energy (Fig. 1b). In the field of catalysis, GDY has been 127 

studied as direct catalysts, especially GDY-based metal-free catalysts (Zuo et al., 128 

2019). The sp- and sp2-hybridized carbon atoms in GDY provide superior electrical 129 

and optical properties for catalytic applications (Li et al., 2014). At room temperature, 130 

GDY has a direct band gap of 0.46 eV and a high intrinsic carrier mobility of 104‒105 131 

cm2 V−1 s−1 (Long et al., 2011; Gao et al., 2019). According to the calculations of 132 

density functional theory (DFT), Wu et al. (2014) reported the possibility of GDY as a 133 
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catalyst for low-temperature CO oxidation via a Eley-Rideal mechanism, in which CO 134 

directly react with adsorbed and activated O2 on the GDY sheet. Many experimental 135 

studies demonstrated that nitrogen-doped GDY could be high-performance metal-free 136 

catalysts for oxygen reduction reaction (Liu et al., 2014; Lv et al., 2017; Shang et al., 137 

2018; Zhao et al., 2018b). For example, Liu et al. (2014) synthesized nitrogen-doped 138 

GDY and applied it for catalyzing oxygen reduction reaction in alkaline fuel cells. 139 

Their results suggested comparable electrocatalytic activity of nitrogen-doped GDY to 140 

that of commercial Pt/C catalyst. 141 

In addition to using GDY as direct catalysts, more studies explored the potential 142 

of GDY as a catalyst support. The main roles of catalyst support include increasing 143 

the stability and durability of catalyst in severe conditions, making catalyst easy to 144 

recycle, improving the adsorption of substrate, and producing a synergistic catalytic 145 

effect (Wang et al., 2014; Molnár and Papp, 2017). Even noble metal catalysts with a 146 

high catalytic activity need a proper support to enable their large-scale commercial 147 

applications. For example, the Pt catalyst is generally available as commercial Pt/C 148 

catalyst, using carbon black as a support (Kim et al., 2006). The unique structure of 149 

GDY makes it to be an excellent support for not only constructing heterojunction with 150 

traditional catalysts but also anchoring atomic catalysts (Huang et al., 2018; Sun et al., 151 

2019). Many excellent and interesting research articles about using GDY as a catalyst 152 

support were published in recent years, especially in the applications for organic 153 

pollutant degradation and hydrogen production via water splitting. However, to our 154 

knowledge, systematic review on this topic has not been reported previously. In this 155 
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article, recent studies about GDY-supported photocatalysts and electrocatalysts are 156 

carefully reviewed. The main advantages of GDY as a catalyst support are discussed 157 

from the points of structure, optics, and electricity. Based on the latest experimental 158 

achievements, the strategies for loading catalysts on GDY support are summarized 159 

and analyzed. The performance and mechanisms of GDY-supported catalysts in 160 

organic pollutant degradation and hydrogen production via water splitting are 161 

reviewed and discussed. Some challenges for further developing the catalytic 162 

technology with GDY as the catalyst support are presented. This work may help the 163 

design of GDY-supported catalysts and their applications. 164 

 165 

2. Advantages of 2D GDY as a catalyst support 166 

An ideal catalyst support should have a large surface area, high electrical 167 

conductivity, and strong cohesion to catalyst particles. Additionally, considering the 168 

application of catalyst in various reactions, the catalyst support should have a porous 169 

structure to enable efficient mass transfer, and good resistance to the corrosion from 170 

severe reaction conditions. GDY meets these demands in many ways (Fig. 2). In this 171 

section, the properties and advantages of GDY in its use as a catalyst support were 172 

summarized and discussed. 173 

Compared with GR, GDY has a lower atom density resulting from the 18-C 174 

triangular ring structure, which provides a large specific surface area for loading 175 

catalyst (Huang et al., 2015). The theoretical specific surface area of GDY is 176 

estimated to over 2630 m2 g−1 for GR (Lv et al., 2018; He et al., 2019). In reality, due 177 
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to the restacking of GR sheets caused by the van der Waals forces, the specific surface 178 

area of GR is generally measured at several hundred m2 g−1 (Ding et al., 2010; Geng 179 

et al., 2011). Huang et al. (2015) measured the specific surface area of their 180 

synthesized GDY by N2-adsorption/desorption experiments, and the highest value 181 

reached 1329 m2 g−1. The large surface area is beneficial to the uniform distribution of 182 

catalyst particles on GDY sheets, which may reduce the loss of catalytic activity 183 

resulting from the aggregation of particles. 184 

The sp- and sp2-hybridized carbon networks with a highly conjugated π-system 185 

endow GDY with a high electrical conductivity of 2.516 × 10−4 S m−1 at room 186 

temperature (Li et al., 2010). Such a conductivity is similar to silicon, indicating the 187 

semiconductor feature of GDY. According to the DFT calculations, the GDY sheet has 188 

a direct band gap of 0.46 eV, and the intrinsic electron (e−) mobility and hole (h+) 189 

mobility are 2 × 105 and 2 × 104 cm2 V−1 s−1, respectively (Long et al., 2011). These 190 

characteristics make GDY superior in improving the electron transport efficiency in 191 

catalytic applications, especially in photocatalytic and photoelectrocatalytic reactions. 192 

For example, based on the high electrical conductivity and narrow band gap of GDY, 193 

Wang et al. (2012) fabricated GDY-supported TiO2 nanocomposite and applied it for 194 

photocatalytic degradation of methylene blue (MB). Their results showed that GDY 195 

effectively improved the light absorption of TiO2 and the separation efficiency of 196 

photoinduced electron-hole pairs, thus increasing the photocatalytic activity. 197 

The GDY surface can provide strong cohesion to many metal atoms via 198 

chemisorption. The study about the interactions between heavy metal atoms and GDY 199 
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showed that Ag and Cu atoms could be adsorbed onto the GDY surface via strong 200 

chemisorption, rather than typical physisorption between the metal atoms and GR 201 

(Mashhadzadeh et al., 2016). Lu et al. (2016) studied the adsorption of noble metal 202 

atoms (Pd, Pt, Rh and Ir) on GDY surface by theoretical calculation, and found that 203 

these noble metal atoms could be embedded in the 18-C alkyne ring of GDY. For 204 

single metal atoms, the most favorable adsorption site on GDY is at the angle site of 205 

the alkyne ring (Yu et al., 2019). The sp hybridization of acetylene bond in GDY 206 

enables the π/π* orbitals to rotate towards any direction perpendicular to the line of 207 

−C≡C−, and thus it can point to a metal atom (He et al., 2012). These properties make 208 

GDY a promising support for metal atomic catalysts that have high atomic efficiency, 209 

catalytic activity, and selectivity. 210 

The big triangular rings of GDY offer a porous structure for fast mass transfer 211 

and more exposed active sites. In GDY-supported catalysts, the diffusion of substrate 212 

and product can be achieved not only along the GDY layer plane, but also through the 213 

18-C triangular pores. This characteristic is especially beneficial for bulk GDY with 214 

multilayer structure. Zhang et al. (2013) conducted a first-principles study about the 215 

three-dimensional (3D) diffusion of H2 molecules in GDY, and found that the 216 

out-plane diffusion of H2 molecules through the large triangular pores in GDY had an 217 

easily surmountable energy barrier of ～0.16 eV. This result indicates that the porous 218 

structure allows 3D diffusion (in-plane and out-plane diffusion) of H2 in GDY, which 219 

is more favorable to the mass transfer than that in graphite where the diffusion of H2 220 

is limited to in-plane diffusion in the interlayer space. 221 
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GDY has shown excellent chemical stability in organic solvents and strongly 222 

acidic/alkaline solutions (Li et al., 2019a). During the catalytic process, many catalyst 223 

supports suffer from severe corrosion that may significantly influence the stability of 224 

supported catalysts. Benefiting from the 2D structure of sp- and sp2-hybridized carbon 225 

atoms, GDY has been predicted to be the most stable diacetylenic carbon allotrope (Li 226 

et al., 2010). Xue et al. (2016) synthesized an electrocatalyst of GDY-supported Co 227 

nanoparticles (NPs) wrapped by N-doped carbon, and reported that this catalyst has 228 

extraordinary durability at all pH values in its application for hydrogen production. 229 

According to their measurement, the catalytic activity of commercial Pt/C (10 wt%) 230 

significantly decreased after only 8000 cycles of continuous cyclic voltammetry (CV) 231 

scanning (at all pH values), while the high catalytic activity of the GDY-supported 232 

electrocatalyst could be kept over 36000, 38000, and 9000 cycles under alkaline, 233 

acidic, and neutral conditions, respectively. This result demonstrates that GDY has 234 

good resistance to the corrosion from severe reaction conditions and the 235 

GDY-supported catalysts can be more stable and more durable than common 236 

commercial catalysts. 237 

 238 

3. Design of 2D GDY-supported catalysts 239 

3.1. Synthesis of GDY 240 

Though the structure of GDY has been theoretically predicted before (Haley et 241 

al., 1997), it was not until 2010 that Prof. Yuliang Li and his coworkers (Li et al., 242 

2010) first synthesized GDY via an in-situ cross-coupling reaction of 243 
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hexaethynylbenzene (HEB) monomers on a Cu foil (Fig. 3a). In the synthesis process, 244 

pyridine is used as both ligand and solvent, and Cu foil is used as both catalyst and 245 

substrate for the directional polymerization of GDY film. In the presence of pyridine, 246 

Cu2+ can be gently produced from the Cu foil and catalyze the coupling reaction. Such 247 

a Cu-catalyzed terminal alkyne coupling reaction is a typical Glaser-Hay coupling 248 

reaction, in which the dioxygen activation of two molecules of Cu-acetylide is 249 

considered the key step of the reaction mechanism (Fig. 3b) (Fomina et al., 2002). 250 

Since the first successful synthesis of GDY was reported, many more methods 251 

have been proposed and used to synthesize GDY and its derivatives. As some side 252 

reactions with the reactive HEB monomers and irregular cross-linking between two 253 

acetylenic linkages may occur, it is still a challenge to produce high-quality 254 

graphdiyne films. Therefore, choosing a flat substrate that can properly interact with 255 

the precursor is important to obtain the desired 2D structure, and supramolecular 256 

interactions may be utilized as an additional strategy to control the orientation of 257 

precursor and product (Zhou et al., 2019). 258 

Considering the bulk polymerization of HEB in the original method due to the 259 

diffusion of Cu2+ catalyst, Matsuoka et al. (2017) reported a GDY synthesis method at 260 

a liquid/liquid or gas/liquid interface to obtain a thin GDY nanosheet. For 261 

synthesizing GDY at a liquid/liquid interface, immiscible dichloromethane and water 262 

were used (Fig. 4a). The HEB monomer was included in the lower dichloromethane 263 

layer, while the upper aqueous layer contained Cu(OAc)2 and pyridine. Before the 264 

addition of the upper aqueous layer, the dichloromethane layer was first covered with 265 
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pure water to keep the interface still when the upper aqueous solution was added. This 266 

operation could avoid the random contact of catalyst and HEB and ensure the high 267 

quality of resulting GDY nanosheet. For synthesizing GDY at a gas/liquid interface, 268 

an aqueous solution containing Cu(OAc)2 and pyridine was used as the liquid phase 269 

(Fig. 4b). A small amount of dichloromethane and toluene mixture containing HEB 270 

was added to the surface of the aqueous solution under an argon atmosphere. Quick 271 

evaporation of the organic solvent enabled the smooth catalytic polymerization at the 272 

gas/liquid interface. The product could be transferred to a flat substrate by bringing 273 

the substrate close to the interface in the horizontal direction. According to the 274 

reported results, the thickness of GDY sheet synthesized at the gas/liquid interface (3 275 

nm) was thinner than that synthesized at the liquid/liquid interface (24 nm). The GDY 276 

product prepared by interfacial synthesis method is of thin layer and high crystallinity, 277 

and suitable for studying the intrinsic properties of GDY. 278 

Liu et al. (2017) proposed a chemical vapor deposition (CVD) method for GDY 279 

growth on a silver foil (Fig. 4c). In the CVD system, the precursor HEB was placed 280 

upstream and transported by carrier gas to the Ag foil surface. The coupling reaction 281 

occurred at 150 °C. Through thermal activation and Ag catalysis, the monomers were 282 

coupled and formed GDY sheet. In the synthesis process, the growth of GDY was 283 

self-limited as the catalyst would not be available for further coupling reaction once 284 

the Ag foil surface was completely overlaid. Such a process was confirmed by the 285 

characterization result that the synthesized GDY had a uniform monolayer structure 286 

(0.6 nm). The GDY product synthesized by CVD method is thinner than that prepared 287 
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by the interfacial synthesis method, but the film is noncrystalline.    288 

Zuo et al. (2017) reported a facile explosion approach for GDY synthesis without 289 

metal catalyst (Fig. 4d). In their scheme, the coupling reaction was performed by 290 

directly heating HEB in N2 or air with different heating rates. The obtained GDY 291 

products exhibited different morphology, including nanoribbon, 3D framework, and 292 

nanochain. When the precursor HEB in light yellow was gradually heated to 120 °C 293 

in N2, nanoribbon GDY in dark black was formed without volume change. When the 294 

heating treatment was conducted in air, a popcorn-like explosion occurred and 3D 295 

framework GDY was produced with a sixfold volume increase. Particularly, the 296 

explosion became more violent when the precursor was directly added to pre-heated 297 

air at 120 °C, and the resulting GDY showed a nanochain morphology. This explosion 298 

approach is fast for large-scale preparation of GDY from HEB in air, and no use of 299 

metal catalyst can avoid unnecessary contamination. 300 

 301 

3.2. Loading catalysts on GDY support 302 

As a new 2D carbon-based support, GDY shows promising application prospects 303 

in constructing various heterojunction catalysts with other 0D, 1D, and 2D materials. 304 

Many strategies have been proposed and used for effectively loading catalysts on 305 

GDY support (Table 1). In this section, the basic principles and applications of these 306 

strategies are presented and discussed in detail. 307 

 308 
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3.2.1. Hydrothermal method (or solvothermal method) 309 

Hydrothermal method (or solvothermal method) is the most widely used method 310 

for loading catalysts on GDY support. This method is based on the chemical reactions 311 

that occurred in a sealed pressure vessel under high-temperature and high-pressure 312 

conditions, with water (or organic solvents) as the reaction medium (Feng and Li, 313 

2017; Song et al., 2019). Pre-prepared catalysts can be directly loaded on GDY 314 

support by hydrothermal method (or solvothermal method) via combination reactions. 315 

For example, Wang et al. (2012) synthesized GDY-supported TiO2 NPs by 316 

hydrothermal combination of pre-prepared GDY sheets and purchased TiO2 NPs, and 317 

the spectral analyses suggested that the TiO2 NPs combined with the active sites of 318 

GDY sheets by forming Ti−O−C bonds, rather than simple physical mixing. In order 319 

to obtain metal-free catalysts, Han et al. (2018) immersed GDY nanosheet array into a 320 

dispersion of g-C3N4 in NMP and conducted a solvothermal reaction. Their results 321 

showed that g-C3N4 and GDY successfully combined through the π-π stacking 322 

interaction, but this interaction was not observed in the physical mixture of g-C3N4 323 

and GDY at room temperature. 324 

Apart from combination reactions, hydrothermal (or solvothermal) crystallization 325 

is a more general mechanism for loading catalysts on GDY support. In such a loading 326 

process, catalyst precursors are dissolved in the thermal medium under 327 

high-temperature and high-pressure conditions, and GDY induces the heterogeneous 328 

nucleation and crystal growth of catalyst. Lv et al. (2019) prepared a CdS/GDY 329 

photocatalyst by the hydrothermal method. In their experiments, Cd(OAc)2 was added 330 
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into the DMSO dispersion of GDY, and the DMSO acted as both solvent and sulfur 331 

source. After the hydrothermal reaction at 180 °C for 12 h, uniform distribution of 332 

CdS NPs on the GDY surface was observed by electron microscope images. Kuang et 333 

al. (2018) fabricated a Ni-Fe-LDH/GDY electrocatalyst by hydrothermal method. 334 

According to their illustration (Fig. 5), the metal ions could be chemically adsorbed 335 

by the π-bond of GDY acetylenic bond at the initial stage of hydrothermal reaction, 336 

and then in-situ crystal growth of Ni-Fe-LDH occurred on the GDY surface as the 337 

reaction progressed. The GDY acetylenic bond consists of two π-bonds and one 338 

σ-bond. Generally, the π-bond is active and it can coordinate with transition metal 339 

atoms by donating electron to the metal empty orbitals (Liu et al., 2019a). 340 

Additionally, it was noticed that the combination way of GDY and Ni-Fe-LDH was 341 

not face-to-face, but face-to-side (Fig. 5). Such a 3D structure provided more active 342 

sites for catalytic reactions. Using hydrothermal method (or solvothermal method) to 343 

load catalysts on GDY support is effective and easy to implement in general 344 

laboratories. 345 

 346 

3.2.2. GDY in-situ growth 347 

Inspired by the synthesis method of GDY, the combination of GDY and other 348 

catalysts can be achieved during the synthesis process of GDY by using the catalyst as 349 

the GDY growth substrate instead of Cu foil. This is a reverse loading method, in 350 

which the loaded catalyst is prepared first and then the GDY grows in situ on the 351 

catalyst surface. On this account, the in-situ growth method is mainly used for 352 
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assembling GDY with some 2D catalyst materials, such as LDH (Fang et al., 2019), 353 

MoS2 (Hui et al., 2019b), and GR (Li et al., 2019b). The direct growth of GDY on 354 

catalyst substrate can reduce the resistance of charge transfer across the heterojunction 355 

interface, which is conducive to the improvement of catalytic reaction rate (Fang et al., 356 

2019). Additionally, the tightly adhered GDY can provide a protective effect on the 357 

catalyst and enhance its durability (Hui et al., 2019a). 358 

Fang et al. (2019) synthesized a CoNx/GDY electrocatalyst through the GDY 359 

in-situ growth method (Fig. 6). In their experiment, a Co-LDH on Ni foam was first 360 

prepared by a hydrothermal reaction, with the foam color changing from silver to 361 

saddlebrown. Then, the obtained Co-LDH underwent a nitridation treatment to form 362 

CoNx, and the foam color further changed to green yellow. Finally, olive CoNx/GDY 363 

on Ni foam was synthesized by the cross-coupling reaction of HEB monomers on the 364 

CoNx surface. Similarly, Hui et al. (2019a) first synthesized iron carbonate hydroxide 365 

nanosheets on Ni foam, and then used the nanosheets as the substrate for in-situ 366 

growth of GDY to obtain an electrocatalyst for water splitting. Due to the protective 367 

effect of GDY, the electrocatalyst exhibited excellent long-term durability in the 368 

subsequent electrochemical tests. They further used MoS2 nanosheet as the substrate 369 

for GDY in-situ growth, and found that strong electron hybridization was formed due 370 

to the chemisorption of active GDY by MoS2, thus improving the electrical 371 

conductivity and catalytic activity of MoS2/GDY electrocatalyst (Hui et al., 2019b). 372 

Additionally, the MoS2/GDY electrocatalyst showed excellent stability at all pH 373 

values when being used as an efficient cathode for hydrogen generation. Li et al. 374 
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(2019b) used GR as the substrate for GDY in-situ growth. According to their results, 375 

GDY grew on both sides of GR sheets due to the van der Waals interaction and lattice 376 

match between GDY and GR. These studies provide valuable information for 377 

combination 2D catalysts with GDY support by GDY in-situ growth. 378 

 379 

3.2.3. Electrochemical deposition 380 

Electrochemical deposition is a convenient method for depositing metals, alloys, 381 

or composite coatings on the surface of conductive substrate to obtain the desired 382 

surface characteristics, and this method has been widely used for the synthesis of 383 

composite materials (Góral et al., 2017; Zhao et al., 2018a; Qiao et al., 2019). Some 384 

studies reported the use of electrochemical deposition to load catalysts on GDY 385 

support. Generally, GDY is used as the working electrode and immersed in an 386 

electrolyte solution containing metal catalyst precursors. Under an external electric 387 

field, metal ions migrate to the electrode, and deposit on the GDY surface through 388 

redox reactions. Shi et al. (2019) prepared Ni-Fe-LDH/GDY electrocatalyst by the 389 

electrochemical deposition of Ni-Fe-LDH on GDY surface. The synthesis process was 390 

conducted in a three-electrode system, in which Cu foil overlaid with GDY, Pt foil, 391 

and saturated calomel electrode (SCE) were used as working electrode, counter 392 

electrode, and reference electrode, respectively. The electrolyte solution was prepared 393 

by dissolving Ni(NO3)2 and FeSO4 in deionized water. The deposition process lasted 394 

for 90 s with a constant potential of −1.0 V (vs. SCE). Hydroxide ions (OH−) needed 395 

for forming Ni-Fe-LDH were provided by the reduction of NO3
− at the working 396 
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electrode (Eq. (1)) (Yarger et al., 2008). 397 


 2OHNO2eOHNO 223

                                      (1) 398 

Electrochemical deposition method is more typically used for loading metal 399 

atomic catalysts on GDY sheet. Xue et al. (2018) anchored Ni and Fe atoms on GDY 400 

growing on 3D carbon cloth by electrochemical deposition (Fig. 7). In their 401 

experiments, GDY was first prepared on a 3D carbon cloth by the Glaser-Hay 402 

coupling reaction. Then, the GDY was immersed in an electrolyte solution containing 403 

Ni2+ or Fe3+, allowing the adsorption of metal ions on GDY. The deposition of Ni and 404 

Fe atoms on GDY surface was achieved by in-situ electrochemical reduction of the 405 

metal ions. The electrochemical deposition was performed with a constant current 406 

density of 10 mA cm−2, and the deposition time was 150 s and 250 s for Ni and Fe, 407 

respectively. In the electrochemical deposition process, the strict control of metal ion 408 

concentration and deposition time is the key to obtain well-separated atom catalysts 409 

on GDY sheet. Yu et al. (2019) synthesized Pd0/GDY electrocatalyst by 410 

electrochemical deposition of Pd atoms on GDY in a three-electrode system. The 411 

electrochemical deposition was conducted at a current density of 2 mA cm−2 for 10 s 412 

after immersing the GDY electrode into 0.2 mM PdCl2 solution. The same deposition 413 

process resulted in a Pd NPs/GDY product when the PdCl2 concentration was 1.0 mM 414 

and the deposition time lasted for 100 s. Electrochemical deposition is a fast and 415 

efficient method to load catalysts on GDY support, and the loading amount of 416 

catalysts can be well controlled through adjusting the concentration of catalyst 417 

precursor in electrolyte solution and the deposition time. 418 
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 419 

3.2.4. Others 420 

In addition to the above methods, oil-in-water microemulsion method, 421 

calcination method, sequential annealing treatments, and microwave-assisted 422 

reduction were tried to loading catalysts on GDY sheet. Zhang et al. (2015) loaded 423 

Ag/AgBr on GDY sheet by oil-in-water microemulsion method, with the assistant of 424 

graphene oxide (GO) as a cross-linking agent. In their experiments, GDY sheets were 425 

first added into the aqueous suspension of GO, followed by ultrasonic treatment to 426 

obtain homogeneous GO-GDY dispersion. Then, the GO-GDY dispersion was added 427 

into an aqueous solution of AgNO3. After sufficient stirring, a chloroform solution of 428 

CTAB was added dropwise. The Ag/AgBr/GO/GDY product was collected and 429 

washed by repeated centrifugalization after the evaporation of chloroform. In such a 430 

synthesis process, the Ag/AgBr nucleated and grew in the microvesicle of 431 

microemulsion, which contributed to the formation of well-dispersed and even-sized 432 

Ag/AgBr on the GDY surface. Considering the high temperature resistance of GDY, 433 

Xu et al. (2019) used a calcination method to synthesize g-C3N4/GDY photocatalyst. 434 

The g-C3N4 and GDY were pre-prepared by thermal polymerization and 435 

cross-coupling reaction, respectively. Homogenous GDY suspension (in methanol 436 

solution) and g-C3N4 suspension (in aqueous solution) were then obtained with 437 

ultrasonic treatment. After thoroughly mixing the two suspensions, the solvents were 438 

removed and the resulting solid was thermally treated at 400 °C for 2 h to produce 439 

g-C3N4/GDY composite. According to their characterization results, g-C3N4 and GDY 440 
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were firmly connected by the new C−N bond formed between them. A similar 441 

experiment was performed by Xue et al. (2016) to load Co NPs wrapped by N-doped 442 

carbon on GDY sheet, but the thermal treatment is a sequential annealing process 443 

(500 °C for 2 h, and 700 °C for 2 h) in Ar atmosphere. Before the thermal treatment, 444 

the GDY was mixed with cobalt acetate and dicyandiamide rather than pre-prepared 445 

catalyst. The product was obtained after the thermal treatment and an additional acid 446 

treatment with 0.5 M H2SO4. Shen et al. (2019) reported a microwave-assisted 447 

reduction method for loading Pt NPs on GDY sheet. In their experiments, 448 

chloroplatinic acid (H2PtCl6) solution was used as the Pt source and mixed with an 449 

ethylene glycol dispersion of GDY. After ultrasonic treatment for 30 min, the mixture 450 

was transferred to quartz tubes placed in a microwave equipment (400 W). The 451 

reduction reaction was conducted at 160 °C for 2 min to produce Pt NPs/GDY 452 

composite. With the assistance of microwave, the synthesis process was time-saving 453 

and the produced Pt NPs showed small particle sizes (2‒3 nm). 454 

 455 

4. Applications of GDY-supported catalysts 456 

The catalysts supported by GDY show promising applications in efficient 457 

hydrogen production from water splitting and effective degradation of organic 458 

pollutants (Table 2). In this section, the performances and mechanisms of 459 

GDY-supported catalysts (including photocatalysts and electrocatalysts) are reviewed 460 

and discussed, and the discussion mainly focuses on how GDY functions in these 461 

catalytic applications. 462 
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 463 

4.1. GDY-supported photocatalysts for organic pollutant degradation 464 

Photocatalytic technology is promising for treating organic wastewater, 465 

especially those containing refractory organics that cannot be removed by traditional 466 

biological treatment processes (Teixeira et al., 2016; Xu et al., 2017; Liu et al., 2019c). 467 

Photocatalytic degradation of organic pollutants is energy-saving, as it can utilize 468 

solar energy to drive the photochemical reactions (Zhang and Lou, 2019). Using 469 

GDY-supported photocatalysts can effectively promote the degradation efficiency. 470 

Dong et al. (2018) reported enhanced photocatalytic activity in degrading RhB by 471 

N-doped TiO2/GDY under visible light irradiation. With the assistance of GDY, the 472 

degradation efficiency increased from 78% to about 90% within 240 min (Fig. 8a). 473 

For investigating the main reactive species that contributed to the RhB degradation, 474 

the authors performed the photocatalytic degradation experiments with N-doped 475 

TiO2/GDY in the presence of different scavengers, including N2 for ·O2
−, isopropanol 476 

(IPA) for ·OH, and triethanolamine (TEOA) for h+. The addition of N2 and TEOA 477 

significantly inhibited the RhB degradation (Fig. 8b), which suggested the important 478 

roles of ·O2
− and h+ in the photocatalytic degradation of RhB. According to the 479 

proposed degradation mechanism (Fig. 8c), the visible light irradiation could excite 480 

electrons from the valance band (VB) to the conduction band (CB) of TiO2, leaving 481 

holes in the VB. Because of the more negative CB potential of TiO2 (−0.47 eV) than 482 

the Fermi level of GDY (−0.33 eV) and the high electrical conductivity of GDY, the 483 

electrons in the CB of TiO2 could move to GDY and transfer along the GDY surface. 484 
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The adsorbed O2 on GDY then accepted the electrons and formed ·O2
−. Both h+ 485 

and ·O2
− are strong oxidants, which resulted in the oxidative degradation of RhB. The 486 

electron transfer effect of GDY was also reported in the photocatalytic applications of 487 

TiO2/GDY (Wang et al., 2012; Yang et al., 2013), ZnO/GDY (Thangavel et al., 2015), 488 

and Ag/AgBr/GO/GDY (Zhang et al., 2015). In these studies, GDY mainly functions 489 

by serving as the electron acceptor and reducing the recombination of photoinduced 490 

electron-hole pairs, which allows more holes to participate in the oxidation of organic 491 

pollutants. Additionally, the transferred electrons by GDY might react with oxygen 492 

molecules and form reactive oxygen species, playing an indirect role in the 493 

photocatalytic degradation of organic pollutants. 494 

Additionally, Wang et al. (2012) reported that GDY could modify the bandgap of 495 

TiO2 and expand its light absorption range. Based on the band structure calculations 496 

of TiO2/GDY and the photocatalytic experiments, the authors considered that the 497 

introduction of C-2p impurity bands narrowed the bandgap of TiO2 and increased the 498 

visible light absorption, which contributed to the high photocatalytic performance of 499 

TiO2/GDY in degrading MB. The impurity energy level located between VB and CB 500 

of TiO2/GDY is isolated, leading to an easier transfer of electron from VB maximum 501 

to impurity energy level or from impurity energy level to CB minimum. At the same 502 

time, the electrons are difficult to fall back from CB to VB in the presence of impurity 503 

energy level, which impedes the fast recombination of electron-hole pairs (Yang et al., 504 

2013). Zhang et al. (2015) observed more significant enhancement of the 505 

photocatalytic activity of Ag/AgBr by the synergistic effect of GDY and GO. Both 506 
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GDY and GO could enhance the photocatalytic degradation of MO by Ag/AgBr, and 507 

the prepared Ag/AgBr/GO and Ag/AgBr/GDY increased the degradation efficiency 508 

from 37.6% to 63.7% and 74.1%, respectively (Fig. 9A). When using 509 

Ag/AgBr/GO/GDY as the photocatalyst, almost all of MO was degraded within 40 510 

min, and the degradation rate further increased (Fig. 9A and B). The superior 511 

photocatalytic performance of Ag/AgBr/GO/GDY was consistent with its high 512 

transient photocurrent response (Fig. 9C). These results were attributed to the 513 

effective separation of photoinduced charge carriers and the fast interfacial charge 514 

transfer resulting from the synergistic effect of GDY and GO, which was indicated by 515 

a smaller semicircular arc in the electrochemical impedance spectra (Fig. 9D). These 516 

studies suggested the roles of GDY in modulating the band structure, light absorption 517 

capacity, and interfacial charge transfer capacity of GDY-supported photocatalysts. 518 

 519 

4.2. GDY-supported photocatalysts for hydrogen production 520 

Hydrogen production from water splitting is expected to ease the current energy 521 

crisis. Using GDY-supported photocatalysts can effectively convert solar energy into 522 

clean and renewable hydrogen energy. Lv et al. (2019) synthesized various CdS/GDY 523 

photocatalysts by using different weight ratio of GDY to Cd(OAc)2 (0.5%, 1%, 2.5%, 524 

and 5%, denoted as GD0.5, GD1, GD2.5, and GD5 by the authors, respectively). 525 

According to their experimental results, GD2.5 exhibited the highest performance in 526 

photocatalytic hydrogen production from water splitting, showing with a hydrogen 527 

evolution amount of 4.1 mmol g–1 within 10 h (Fig. 10a). For comparison, the authors 528 
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studied the hydrogen evolution over time with GD2.5, CdS, and a physical mixture of 529 

GDY (2.5%, w/w) and CdS. The results showed that no significant difference was 530 

made between the CdS and the physical mixture of GDY and CdS in the hydrogen 531 

evolution (Fig. 10b), which indicated that the chemical bonding of GDY and CdS was 532 

of crucial importance for the enhanced photocatalytic activity. Different from the 533 

photocatalytic oxidative degradation of organic pollutants, the hydrogen evolution is a 534 

reduction process, in which H+ accepted the photoinduced electrons to produce H2 535 

(Fig. 10c). Thus, the transfer of holes could reduce the recombination of photoinduced 536 

charge carriers and create more opportunities for the photoinduced electrons to 537 

participate in the reduction process. The high hole mobility in GDY enabled it be to 538 

effective hole transfer material for separating photoinduced electron-hole pairs in CdS. 539 

The band structure analysis confirmed that the photoinduced holes in the VB of CdS 540 

could move to the VB of GDY due to the more positive VB potential of CdS (Fig. 541 

10d). The high intrinsic mobility of electron and hole in GDY makes it effective in 542 

helping the supported photocatalysts to improve both oxidizing capacity and reducing 543 

capacity. 544 

Xu et al. (2019) fabricated g-C3N4/GDY photocatalyst for hydrogen production 545 

from water splitting. The g-C3N4/GDY containing 0.5% (w/w) GDY contributed to a 546 

highest hydrogen evolution rate of 39.6 μmol h−1, which was 6.7 times higher than 547 

that by g-C3N4 (Fig. 11a). In the photocatalytic experiments, Pt NPs (1%, w/w) were 548 

pre-loaded on the photocatalyst surface as a cocatalyst to gather the photoinduced 549 

electrons, and TEOA was used as a sacrificial agent to deplete the photoinduced holes. 550 
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Because the work function of g-C3N4 (4.3 eV) is smaller than that of GDY (5.14 eV), 551 

electrons can move from g-C3N4 to GDY and form a Schottky barrier. Thus, 552 

photoinduced electrons in the CB of g-C3N4 moved to GDY and further transfer to the 553 

Pt NPs for H+ reduction in the photocatalytic process (Fig. 11b). It was considered 554 

that there were two GDY-assisted electron transfer routes: π-π conjugation and newly 555 

formed C−N bonds between g-C3N4 and GDY. These two routes for electron transfer 556 

and the hole depletion by TEOA promoted the effective separation of photoinduced 557 

charge carriers, and thus increased the photocatalytic hydrogen evolution. This 558 

example showed the roles of unique electronic characteristics and high electrical 559 

conductivity of GDY in enhancing the photocatalytic activity of GDY-supported 560 

catalysts. 561 

 562 

4.3. GDY-supported electrocatalysts for hydrogen production 563 

Electrocatalytic hydrogen production via water splitting is driven by the 564 

electrode potential beyond the equilibrium potential (overpotential), and the hydrogen 565 

evolution reaction (HER) occurs at the interface between cathode and electrolyte 566 

(Zhou et al., 2016). Using electrocatalysts can reduce the overpotential for 567 

overcoming the reaction activation energy and enhance the HER efficiency. Currently, 568 

Pt-based electrocatalysts are mainly used for HER because of the excellent 569 

performance. However, the low reserve of Pt on Earth cannot meet the high 570 

electrocatalyst demand for HER at a large industrial scale (Zhang et al., 2019). The 571 

GDY-supported electrocatalysts are promising candidates for high-performance HER. 572 
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Xue et al. (2018) synthesized Ni0/GDY and Fe0/GDY electrocatalysts and used them 573 

for HER. Both Ni0/GDY and Fe0/GDY showed high catalytic activity for hydrogen 574 

evolution. As shown in Fig. 12a, current density at the two catalyst electrodes 575 

increased rapidly with the increasing overpotential. Fe0/GDY exhibited the highest 576 

catalytic activity, and its onset overpotential was 9 mV, close to that of Pt/C (20 wt%, 577 

1.0 mV). For assessing the catalytic performance more straightforward, the authors 578 

calculated the mass activity of Ni0/GDY, Fe0/GDY, and Pt/C based on the 579 

normalization of loaded metal. Both Ni0/GDY and Fe0/GDY exhibited higher mass 580 

activity than that of Pt/C (Fig. 12b). For example, at the overpotential of 50 mV, the 581 

mass activity of Ni0/GDY, Fe0/GDY, and Pt/C was 1.26, 3.52, and 0.12 A mg−1, 582 

respectively. Compared with some state-of-the-art HER electrocatalysts, Ni0/GDY, 583 

Fe0/GDY showed higher turnover frequency (TOF, Fig. 12c), which is defined as the 584 

turnover number of reactants converted into target products per unit of catalytic 585 

activity site in unit time. For the HER mechanism, three possible elementary reactions 586 

are involved (Sheng et al., 2013; Morales-Guio et al., 2014): 587 

Volmer reaction: 588 

adHeH 
  (acidic condition)                                       (2) 589 


 OHHeOH ad2  (alkaline condition)                               (3) 590 

Heyrovsky reaction: 591 

2ad HeHH 
  (acidic condition)                                   (4) 592 


 OHHeOHH 22ad  (alkaline condition)                           (5) 593 

Tafel reaction: 594 
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2adad
HHH                                                       (6) 595 

where Had represents the adsorbed hydrogen atom at the active site of electrode. The 596 

first reaction above is the Volmer or discharge reaction, in which a hydrogen ion or 597 

water molecule combines with an electron and forms a hydrogen atom adsorbed on 598 

the active site of electrode. After that, H2 can be formed through the Heyrovsky 599 

reaction or the Tafel reaction. In actual experiments, the specific hydrogen evolution 600 

route can be inferred from the Tafel slope (Shinagawa et al., 2015). The Tafel slope of 601 

Ni0/GDY, Fe0/GDY synthesized by Xue et al. (2018) suggested a Volmer-Heyrovsky 602 

mechanism for the hydrogen evolution process (Fig. 12d). Additionally, the stability 603 

of Ni0/GDY and Fe0/GDY electrocatalysts was excellent. As shown in Fig. 12e and f, 604 

no loss of the catalytic activity was observed after 5000 cycle tests. 605 

Xue et al. (2017) highlighted the roles of GDY in enhancing the electrocatalytic 606 

activity of NiCo2S4 nanowires. The synthesized NiCo2S4 nanowires/GDY exhibited a 607 

much lower onset overpotential for HER (112 mV) than that of the NiCo2S4 608 

nanowires supported by carbon cloth (329 mV). The authors further used the 609 

electrochemical impedance spectroscopy (EIS) to analyze the studied electrocatalysts, 610 

and fitted the Nyquist plots to an equivalent circuit model (Fig. 13a and b). According 611 

to the fitting results, the charge transfer resistance (R1) of NiCo2S4 nanowires/GDY 612 

was 18.62 Ω, which was much lower than that of carbon cloth (1523 Ω), GDY foam 613 

(326.9 Ω), and NiCo2S4 nanowires/carbon cloth (1476 Ω). This result suggested that 614 

using GDY as the support of NiCo2S4 nanowires was beneficial to increasing the 615 

charge transport performance in HER. Due to the electrical conductivity of GDY, 616 
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electrocatalysts can directly grow on the GDY support without using polymer binders 617 

and other conductive additives, which reduces the charge transfer resistance and 618 

contact resistance in electrocatalytic reactions (Fang et al., 2019). Additionally, the 619 

synthesized NiCo2S4 nanowires/GDY showed the highest electrochemical surface 620 

area determined by the CV method (Fig. 13c and d). The double layer capacitance of 621 

NiCo2S4 nanowires/GDY was 60 mF cm−2, which was higher than that of carbon cloth 622 

(1.0 mF cm−2), GDY foam (1.6 mF cm−2), and NiCo2S4 nanowires/carbon cloth (21 623 

mF cm−2). Thus, the high electrocatalytic activity of NiCo2S4 nanowires/GDY could 624 

be attributed to the growth of NiCo2S4 nanowires on GDY support, which increased 625 

the electrochemical surface area and active sites for HER. 626 

To further improve the catalytic performance of GDY, doping GDY with 627 

heteroatoms (e.g., N, B) was considered an effective strategy as it can modify the 628 

electronic structure of GDY. Compared with pristine GDY, N-doped GDY and 629 

B-doped GDY improved the catalytic activity due to the electronegativity difference 630 

between carbon and hetero atoms (Lv et al., 2017; Zhao et al., 2019). According to the 631 

first-principles study, acetylenic linkage sites are the most preferable sites for nitrogen 632 

doping (Das et al., 2016). Yu et al. (2018) synthesized MoS2/N-doped GDY 633 

heterostructure and found it suitable as an excellent HER cathode. In the analysis of 634 

the HER performance, MoS2/N-doped GDY showed much higher electrocatalytic 635 

activity, more favorable reaction kinetics, and better stability in acidic medium than 636 

commercial Pt/C catalysts. 637 

 638 
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5. Conclusion and outlook 639 

In summary, GDY is an excellent catalyst support for loading various 640 

photocatalysts and electrocatalysts. This new 2D carbon-based material has a large 641 

specific surface area, high electrical conductivity, direct band gap, high intrinsic 642 

carrier mobility, strong cohesion to metal atoms, porous structure, and excellent 643 

chemical stability. These properties make GDY as a catalyst support superior to GR 644 

and CNT in many ways. Hydrothermal method (or solvothermal method), GDY 645 

in-situ growth, and electrochemical deposition are common strategies for effectively 646 

loading catalysts on GDY support. In the applications of GDY-supported 647 

photocatalysts, GDY mainly serves as electron or hole transfer material to facilitate 648 

the charge separation. The transfer of electrons provides more opportunities for the 649 

holes to oxidize the organic pollutants, while the transfer of holes allows more 650 

electrons to participate in HER. In the applications of GDY-supported electrocatalysts 651 

for hydrogen production, the unique electronic characteristics and high electrical 652 

conductivity of GDY can promote the electron transfer and water splitting kinetics. In 653 

future research, the following issues might be considered for further developing the 654 

catalytic technology with GDY as the catalyst support. 655 

(1) Synthesis method and production facility for controllable mass production of 656 

GDY should be developed. Though many methods have been developed for 657 

synthesizing GDY in the laboratory, they are still insufficient for commercial mass 658 

production. The development of both synthesis method and production facility is 659 

required to further improve the product quality and yielding capacity of GDY. 660 
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(2) New techniques for more effective characterization of the microstructure and 661 

chemical bonds of GDY are needed to understand the interactions between 662 

catalysts and GDY support. Progress in this respect might optimize the assembly 663 

methods for loading various catalysts on GDY and enhance the structural stability 664 

of GDY-supported catalysts. 665 

(3) Although GDY-supported catalysts have shown excellent catalytic activity in 666 

various applications, there is still room to achieve better catalytic performance by 667 

modulating the electrical and optical properties of GDY. For example, doping 668 

other elements and surface modification (via covalent bonding or non-covalent 669 

bonding) are both effective strategies to further enhance the catalytic performance. 670 

(4) More research on modulating the shape, size, and layer of GDY should be 671 

conducted to meet the requirements of different catalytic systems. For example, 672 

apart from 2D GDY-supported photocatalysts, some 3D GDY-like materials have 673 

been being designed for photocatalytic hydrogen production, such as 674 

dehydrobenzoannulene-based 3D GDY (Shen et al., 2020). Additionally, how 675 

different types of GDY affect the catalytic performance of GDY-supported 676 

catalysts needs to be illuminated by more experimental studies. 677 

(5) The application of GDY-supported electrocatalysts for organic pollutant 678 

degradation may be considered. To our knowledge, no GDY-supported 679 

electrocatalysts for organic pollutant degradation have been reported yet. However, 680 

electrochemical degradation of organic pollutants has been studied for many years. 681 

Using GDY-supported electrocatalysts for organic pollutant degradation is 682 
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promising, especially for a small amount of organics with high toxicity. 683 

(6) There is a need to study the catalytic reaction mechanisms in depth. Little is 684 

known about the interactions between catalysts, GDY support, and reactant 685 

molecules in the catalytic processes. Studying the behaviors of differently 686 

hybridized carbons in GDY will be beneficial to understanding the catalytic 687 

mechanisms and giving full play to the function of GDY. 688 

(7) As GDY is also very active in its theoretical research, more theoretical studies 689 

may be conducted to extend the knowledge about the relationship between 690 

electronic structure of GDY and its catalytic performance, as well as the design of 691 

GDY-supported catalysts. For example, the molecular adsorption behavior on 692 

GDY surface and the doping modification of GDY can be further studied through 693 

the first principles method. 694 

(8) Currently, few studies revealed the environmental and health-related concerns of 695 

GDY. Several biomedical application studies involved the positive aspects of 696 

GDY biosafety (Jin et al., 2018; Liu et al., 2019a). Based on the experience and 697 

lessons of CNT, GR, and GO, more toxicity and biocompatibility studies should 698 

be conducted on this new carbon support material, especially for its nanoparticle 699 

forms in different catalytic systems. 700 

(9) Using GDY as a catalyst support just starts in the recent few years. More 701 

GDY-supported catalysts can be designed and developed, especially with some 702 

emerging catalytic materials (e.g., metal-organic frameworks). The experience 703 

from traditional carbon-based catalyst support (e.g., GR) may be considered for 704 
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reference, and more creative ideas are expected to be found. 705 

706 
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Figure 1 

 

Fig. 1. Schematic diagram of different GDY structures (a), and TOP 10 Web of Science Categories for GDY 

publications (b). The category analysis was based on the data extracted from Web of Science Core 

Collection in December 2019 by searching publications containing “graphdiyne” in the topic. A larger circle 

size indicates a higher proportion of publications belonging to the corresponding category in the total. 
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Figure 2 

 

Fig. 2. Main properties and advantages of GDY for its application as a catalyst 

support.  
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Figure 3 

 

Fig. 3. Schematic diagram of synthesizing GDY via an in-situ cross-coupling reaction 

of HEB monomers on a Cu foil (a), and potential mechanism of Glaser-Hay coupling 

reaction (b). The schematic diagram was drawn according to the method used by Li et 

al. (2010), and the reaction mechanism was illustrated according to the description by 

Fomina et al. (2002). 
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Figure 4 

 

Fig. 4. Preparing GDY by liquid/liquid interfacial synthesis (a), gas/liquid interfacial synthesis (b), CVD 

method (c), and explosion method (d). Schematic diagram (a1) and a real photo (a2) of the GDY synthesis at 

liquid/liquid interface; optical microscope image (a3) and atomic force microscope image (a4) of the 

synthesized GDY sheet. Schematic diagram of the GDY synthesis at gas/liquid interface (b1) and atomic 

force microscope image of the synthesized GDY sheet (b2). Reproduced with permission from Matsuoka et 

al. (2017). Copyright 2017 American Chemical Society. Schematic diagram of the CVD system for 

synthesizing monolayer GDY sheet on Ag foil (c1) and the potential growth process of GDY (c2). 

Reproduced with permission from Liu et al. (2017). Copyright 2017 Wiley-VCH. A real photo of the 

precursor HEB in light yellow (d1), different thermal treatments for HEB coupling (d2), different 

morphology of the GDY products (d3), and real product photos showing the volume change (d4). 

Reproduced with permission from Zuo et al. (2017). Copyright 2017 The Royal Society of Chemistry.
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Figure 5 

 

Fig. 5. Schematic diagram of synthesizing Ni-Fe-LDH/GDY electrocatalyst by 

hydrothermal method. TMs: transition metals (referring to Ni and Fe ions here). 

Reproduced with permission from Kuang et al. (2018). Copyright 2018 The Royal 

Society of Chemistry. 
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Figure 6 

 

Fig. 6. Schematic diagram of synthesizing CoNx/GDY electrocatalyst by GDY in-situ 

growth. NS: nanosheet; NF: Ni foam. Reproduced with permission from Fang et al. 

(2019). Copyright 2019 Elsevier.   
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Figure 7 

 

Fig. 7. Schematic diagram of synthesizing Ni0/GDY and Fe0/GDY catalysts by electrochemical 

deposition. Reproduced with permission from Xue et al. (2018). Copyright 2018 Springer Nature. 
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Figure 8 

 

Fig. 8. Photocatalytic degradation of RhB with bare TiO2 nanosheets (TNS), N-doped 

TiO2 nanosheets (NTNS), and N-doped TiO2/GDY (GD-NTNS) under visible light 

irradiation (a), photocatalytic degradation of RhB with N-doped TiO2/GDY in the 

presence of different scavengers (b), and schematic diagram for possible mechanism 

of the photocatalytic degradation of RhB with N-doped TiO2/GDY under visible light 

irradiation (c). Reproduced with permission from Dong et al. (2018). Copyright 2018 

Springer Nature. 
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Figure 9 

 

Fig. 9. Photocatalytic degradation of MO with different catalysts under visible light 

irradiation (A), kinetic linear simulation curves for the photocatalytic degradation 

performances (B), transient photocurrent responses (C) and electrochemical 

impedance spectra (D) of the indium tin oxide electrodes modified by different 

catalysts. The tested catalysts: Ag/AgBr (a), Ag/AgBr/GO (b), Ag/AgBr/GDY (c), and 

Ag/AgBr/GO/GDY (d). Reproduced with permission from Zhang et al. (2015). 

Copyright 2015 The PCCP Owner Societies. Ac
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Figure 10 

 

Fig. 10. The amount of hydrogen production with CdS, GDY (GD), and different 

CdS/GDY composites (GDn) in the photocatalytic water splitting (a), hydrogen 

evolution over time with GD2.5, CdS, and a physical mixture of GDY (2.5%, w/w) 

and CdS  in the photocatalytic water splitting (b), schematic diagram for the possible 

mechanism of hydrogen production with CdS/GDY photocatalyst (c), and band 

structures of GDY and CdS (d). GDn: CdS/GDY composite synthesized by using n 

wt% GDY. Reproduced with permission from Lv et al. (2019). Copyright 2019 

American Chemical Society. Ac
ce
pt
ed
 M
S
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Figure 11 

 

Fig. 11. Hydrogen evolution rates with different photocatalysts under visible light 

irradiation (a), and schematic diagram for the possible mechanism of hydrogen 

production with g-C3N4/GDY photocatalyst loaded with Pt NPs (b). Reproduced with 

permission from Xu et al. (2019). Copyright 2019 Elsevier. 
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Figure 12 

 

Fig. 12. HER polarization curves with a inset of the enlarged view for Ni0/GDY, Fe0/GDY near the onset 

region (a), mass activity of Ni0/GDY, Fe0/GDY, and Pt/C (b), TOF values of Ni0/GDY, Fe0/GDY, and some 

state-of-the-art HER electrocatalysts (c), Tafel plots of the studied electrocatalysts (d), and stability tests of 

Ni0/GDY (e), Fe0/GDY (f) with insets of the time-dependent current density curves. Fe/GD: Fe0/GDY, 

Ni/GD: Ni0/GDY, GDF: graphdiyne foam, CC, carbon cloth. Adapted with permission from Xue et al. 

(2018). Copyright 2018 Springer Nature. 
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Figure 13 

 

Fig. 13. The equivalent circuit model for EIS analysis of NiCo2S4 nanowires/GDY 

(a), Nyquist plots of the studied electrocatalysts in 1.0 M KOH electrolyte (b), CV 

curves of the NiCo2S4 nanowires/GDY in the potential range of 0.71‒0.81 V versus 

RHE at different scan rates (c), and the capacitive currents at 0.76 V versus RHE as a 

function of scan rates for the studied electrocatalysts (d). CC: carbon cloth, GDF: 

graphdiyne foam, NiCo2S4 NW: NiCo2S4 nanowires. Rs: solution resistance, R1: 

charge transfer resistance, R2: hydrogen adsorption resistance, Q1 and Q2: constant 

phase elements. Reproduced with permission from Xue et al. (2017). Copyright 2017 

Wiley-VCH.
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Table 1 Some experiments for loading catalysts on GDY support. 

Catalyst Loading method Reactants  Reaction conditions Reference 

TiO2/GDY Hydrothermal method GDY, TiO2 NPs 120 °C, 3 h Wang et al. (2012) 

TiO2/GDY Hydrothermal method GDY, TiO2 NPs 120 °C, 3 h Yang et al. (2013) 

ZnO/GDY Hydrothermal method GDY, Zn(OAc)2, NaOH   180 °C, 24 h Thangavel et al. (2015) 

N-doped TiO2/GDY Hydrothermal method GDY, N-doped TiO2 NPs 120 °C, 3 h Dong et al. (2018) 

NiCo2S4 

nanowires/GDY 

Hydrothermal method 1) GDY, Ni(NO3)2, Co(NO3)2, urea 

2) Ni-Co-precursor/GDY, Na2S 

1) 120 °C, 8 h 

2) 160 °C, 8 h 

Xue et al. (2017) 

Ni-Fe-LDH/GDY Hydrothermal method GDY, NiSO4, FeSO4, urea, trisodium citrate 180 °C, 12 h Kuang et al. (2018) 

Ni-Fe-LDH/GDY Hydrothermal method GDY, Ni(NO3)2, Fe(NO3)3, urea, trisodium 

citrate 

150 °C, 20 h Si et al. (2019) 

Mo0/GDY Hydrothermal method GDY, Na2MoO4 120 °C, 12 h Hui et al. (2019c) 

g-C3N4/GDY Solvothermal method 

(N-methyl pyrrolidone, NMP) 

GDY, g-C3N4 50 °C, 10 h Han et al. (2018) 

CdS/GDY Solvothermal method 

(dimethyl sulfoxide, DMSO) 

GDY, Cd(AcO)2, DMSO 180 °C, 12 h Lv et al. (2019) 

WS2/GDY Solvothermal method 

(dimethyl formamide, DMF) 

GDY, WCl6, thioacetamide 120 °C, 12 h Yao et al. (2018) 

CoNx/GDY GDY in-situ growth CoNx nanosheets, HEB, pyridine  110 °C, 10 h Fang et al. (2019) 

Iron carbonate 

hydroxide/GDY 

GDY in-situ growth Iron carbonate hydroxide, HEB, pyridine N2, 60 °C, 72 h Hui et al. (2019a) 

MoS2/GDY GDY in-situ growth MoS2 nanosheets, HEB, pyridine  Ar, 50 °C, 15 h, in the dark Hui et al. (2019b) 

Ni0/GDY Electrochemical deposition GDY, NiSO4 10 mA cm−2, 150 s Xue et al. (2018) 

Fe0/GDY Electrochemical deposition GDY, FeCl3 10 mA cm−2, 250 s Xue et al. (2018) 

Ni-Fe-LDH/GDY Electrochemical deposition GDY, Ni(NO3)2, FeSO4 −1.0 V vs SCE, 90 s Shi et al. (2019) 

Pd0/GDY Electrochemical deposition GDY, PdCl2 2 mA cm−2, 10 s Yu et al. (2019) 

Ag/AgBr/GO/GDY Oil-in-water microemulsion 

method 

GO/GDY suspension, AgNO3, cetyl 

trimethyl ammonium bromide (CTAB) in 

chloroform 

Room temperature, adding 

oil to water dropwise within 

about 5 min  

Zhang et al. (2015) 

g-C3N4/GDY Calcination method GDY, g-C3N4 400 °C, 2 h Xu et al. (2019) 

Co NPs wrapped by 

N-doped carbon/GDY 

Sequential annealing 

treatments 

GDY, Co(AcO)2, dicyandiamide 1) Ar, 500 °C, 2 h 

2) Ar, 700 °C, 2 h 

Xue et al. (2016) 

Pt NPs/GDY Microwave-assisted reduction GDY, chloroplatinic acid 400 W, 160 °C, 2 min Shen et al. (2019) 
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Table 2 A summary of the applications of GDY-supported catalysts. 

Catalyst Type of catalyst Applications Highlighted roles of GDY Reference 

TiO2/GDY Photocatalyst Degradation of MB (1) Decreasing the bandgap of TiO2 

(2) Extending the absorbable light range 

Wang et al. 

(2012) 

TiO2/GDY Photocatalyst Degradation of MB (1) Serving as an electron acceptor to improve the charge separation 

(2) Introducing abundant impurity levels 

(3) Improving the oxidation ability by lowering valance band positions 

Yang et al. 

(2013) 

ZnO/GDY Photocatalyst Degradation of MB, 

rhodamine B (RhB), and 

phenol 

(1) Extending the absorbable light range 

(2) Serving as an electron acceptor to improve the charge separation 

Thangavel et 

al. (2015) 

Ag/AgBr/GO/GDY Photocatalyst Degradation of methyl 

orange (MO) 

(1) Serving as an electron acceptor to improve the charge separation 

(2) Playing a synergistic role with GO 

Zhang et al. 

(2015) 

N-doped 

TiO2/GDY 

Photocatalyst Degradation of RhB Serving as an electron acceptor to improve the charge separation Dong et al. 

(2018) 

CdS/GDY Photocatalyst Hydrogen production via 

water splitting 

(1) Serving as a hole acceptor to improve the charge separation 

(2) Stabilizing CdS NPs by preventing their agglomeration 

Lv et al. (2019) 

g-C3N4/GDY Photocatalyst Hydrogen production via 

water splitting 

(1) Promoting charge separation and prolonging the charge carrier 

lifetime 

(2) Intensifying the electron density and decreasing the reaction 

overpotential 

(3) Facilitating electron mobility in the photocatalyst 

Xu et al. (2019) 

Co NPs wrapped 

by N-doped 

carbon/GDY 

Electrocatalyst Hydrogen production via 

water splitting 

(1) Highly conductive support 

(2) Facilitating mass transfer by porous structure 

(3) Intensifying the electron density and improving the reaction activity 

(4) Protecting Co NPs from corrosion and aggregation 

(5) Providing more catalytic active sites 

Xue et al. 

(2016) 

NiCo2S4 

nanowires/GDY 

Electrocatalyst Overall water splitting (1) Serving as a highly conductive support for fast charge transfer 

(2) Improving the reaction kinetics by decreasing the charge transfer 

resistance and the contact resistance 

(3) Facilitating mass transfer and gas release by porous structure 

Xue et al. 

(2017) 

Ni-Fe-LDH/GDY Electrocatalyst Hydrogen production via 

water splitting 

(1) Serving as a support for anchoring isolated single atoms 

(2) Improving the reaction kinetics by decreasing the charge transfer 

resistance and the contact resistance 

Xue et al. 

(2018) 
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Catalyst Type of catalyst Applications Highlighted roles of GDY Reference 

(3) Protecting atomic catalysts from corrosion and aggregation 

WS2/GDY Electrocatalyst Hydrogen production via 

water splitting 

(1) Reducing reaction onset potential 

(2) Enhancing charge transfer in the hybrid catalyst 

(3) Protecting WS2 from corrosion and agglomeration 

Yao et al. 

(2018) 

CoNx/GDY Electrocatalyst Overall water splitting (1) Serving as a highly conductive support for fast charge transfer 

(2) Facilitating mass transfer and gas release by porous structure 

(3) Improving the reaction kinetics by decreasing the charge transfer 

resistance and the contact resistance 

(4) Protecting CoNx from corrosion 

Fang et al. 

(2019) 

Iron carbonate 

hydroxide/GDY 

Electrocatalyst Overall water splitting (1) Providing more catalytic active sites by its large surface area 

(2) Improving the reaction kinetics by decreasing the charge transfer 

resistance and the contact resistance 

(3) Facilitating mass transfer and gas release by porous structure 

(4) Protecting Iron carbonate hydroxide from corrosion 

Hui et al. 

(2019a) 

MoS2/GDY Electrocatalyst Hydrogen production via 

water splitting 

(1) Serving as a highly conductive support for fast charge transfer 

(2) Improving the reaction kinetics by decreasing the charge transfer 

resistance and the contact resistance 

(3) Acting as an electron donor to enhance the metallic conductivity 

(4) Protecting MoS2 from corrosion 

Hui et al. 

(2019b) 

Mo0/GDY Electrocatalyst Ammonia and hydrogen 

production 

(1) Improving the reaction kinetics by decreasing the charge transfer 

resistance and the contact resistance 

(2) Providing more catalytic active sites and enlarging electrochemical 

active surface area 

(3) Protecting Mo atoms from corrosion 

Hui et al. 

(2019c) 

Ni-Fe-LDH/GDY Electrocatalyst Overall water splitting (1) Serving as a highly conductive support for fast charge transfer 

(2) Facilitating mass transfer and gas release by porous structure 

(3) Protecting Ni-Fe-LDH from corrosion 

Si et al. (2019) 

Pd0/GDY Electrocatalyst Hydrogen production via 

water splitting 

(1) Increasing the atomic efficiency and the number of active sites 

(2) Serving as a highly conductive support for fast charge transfer 

(3) Facilitating mass transfer and gas release by porous structure 

(4) Protecting Pd atoms from corrosion 

Yu et al. (2019) 
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