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severe environmental disruptions such as 
global warming and particulate–matter 
pollution.[1] It is worth noting that carbon 
dioxide in the atmosphere is growing year 
by year and its content now is approximate 
twofold larger than that before industrial 
revolution.[2] Consequently, it is urgent to 
develop economical, high-performance, 
and environmentally benign technolo-
gies for energy conversion in response 
to the increasing global energy supply 
and environment deterioration.[3] Among 
these technologies, electrocatalysis shows 
great potential in energy conversion.[4] In 
this technology, electrocatalyst is the most 
critical component. Therefore, developing 
earth-plentiful, high-performance, and 
strongly stable electrocatalysts becomes 
a fundamental challenge. In recent year, 
tremendous efforts have been devoted 
to exploring suitable electrocatalysts and 
some alternatives have been success-
fully developed, including noble metals,[5] 
transition-metal dichalcogenides,[6] layered 

double hydroxides,[7] and single-atom catalysts.[8] However, 
these developed novel electrocatalysts suffer from some 
drawbacks such as poor conductivity, low active sites, sluggish 
charge transfer, and severe agglomeration, which have nega-
tive effect on electrocatalytic performance. Previous study has 
confirmed that finding suitable substances to support these 
materials could be a good choice to offset these drawbacks.[9] 
Carbon materials such as graphene,[10] carbon nanofibers,[11] 
carbon nanotubes,[12] and carbon black[13] have been widely 
employed as support for various electrocatalysts to enhance 
their catalytic performance and significant improvements have 
been obtained.

Notably, the above-mentioned carbon materials are all com-
posed by one hybridized state carbon atom (sp2 hybridization), 
while previous work has revealed that the presence of ethynyl 
units (sp hybridization) in carbon materials can bring diverse 
properties.[14] Then a pondered question is proposed: can two 
different hybridized carbon atoms (sp and sp2) coexist in one 
carbon material? In the late 1980s, Baughman et  al. first pre-
dicted that the novel carbon allotropes of graphynes (GYs) 
contained two hybridized state carbon atoms, the sp- and sp2-
hybridized states were separately originated from ethynyl units 
and aromatic moiety rings.[15] Since then, tremendous efforts 
have been devoted to investigating the potential mechanical, 

Graphdiyne (GDY), a rising star of 2D carbon allotropes with one-atom-
thick planar layers, has achieved the coexistence of sp- and sp2-hybridized 
carbon atoms in a 2D planar structure. In contrast to the prevailing carbon 
allotropes, GDY possesses Dirac cone structures, which endow it with unique 
chemical and physical properties, including an adjustable inherent bandgap, 
high-speed charge carrier transfer efficiency, and excellent conductivity. 
Additionally, GDY also displays great potential in photocatalysis, rechargeable 
batteries, solar cells, detectors, and especially electrocatalysis. In this work, 
various GDY-supported electrocatalysts are described and the reasons 
why GDY can act as a novel support are analyzed from the perspective 
of molecular structure, electronic properties, mechanical properties, and 
stability. The various electrochemical applications of GDY-supported 
electrocatalysts in energy conversion such as hydrogen evolution reaction, 
oxygen evolution reaction, oxygen reduction reaction, overall water splitting, 
and nitrogen reduction reaction are reviewed. The challenges facing GDY and 
GDY-based materials in future research are also outlined. This review aims at 
providing an in-depth understanding of GDY and promoting the development 
and application of this novel carbon material.

Dr. B. Li, Prof. C. Lai, M. Zhang, Prof. G. Zeng, Dr. S. Liu, 
Prof. D. Huang, Dr. L. Qin, Dr. X. Liu, Dr. H. Yi, F. Xu, N. An
College of Environmental Science and Engineering
Hunan University
Key Laboratory of Environmental Biology and Pollution Control  
(Hunan University)
Ministry of Education
Lushan South Road, Changsha 410082, P. R. China
E-mail: laicui@hnu.edu.cn; zgming@hnu.edu.cn
Prof. L. Chen
Faculty of Life Science and Technology
Central South University of Forestry and Technology
Shaoshan Road, Changsha 410004, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202000177.

1. Introduction

The vigorous exploitation of fossil fuels has made great contri-
butions to the development of economy since the industrial rev-
olution. Unfortunately, the conventional fossil fuels are depleted 
in large quantities with the ever-increasing energy demand, 
which has caused the global disquiet related to energy dilemma. 
In addition, the massive combustion of fossil fuels also brings 
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optical, and electronic properties of GYs through theoretical 
calculations and practical experiments.[16] The results show 
that the coexistence of sp- and sp2-hybridized carbon atoms 
in GYs makes it possess high degree π-conjunction, regular 
ordered pore structure, and tunable electronic structure.[17] 
GYs are authenticated to possess Dirac cones structure, which 
is previously regarded as the distinctive structure only owned 
by graphene.[18] Besides, GYs are confirmed to exhibit natural 
bandgap and high-speed charge carrier mobility. The electron 
and hole mobility in GYs can reach 105  cm2 V−1 s−1 under 
ambient temperature, which are comparable to that of graphene 
and single-wall carbon nanotubes.[19] Furthermore, the mechan-
ical property of GYs can be changed with different numbers of 
acetylenic linkages and various stacking arrangements.[20,21]

In 2010, Li et  al. first prepared graphdiyne (GDY) by in 
situ cross-coupling method,[22] which aroused great interest of 
chemists, physicists, material scientists and other researchers. 
Afterward, GDY was extensively applied to various fields, 
including rechargeable battery,[23,24] catalysis,[25] solar cell,[26] 
biomedicine,[27] gas separation,[28] and water remediation.[29] 
Very recently, GDY has been widely employed as a support 
for electrocatalysts to enhance energy conversion efficiency, 
including hydrogen evolution reaction (HER), oxygen evolu-
tion reaction (OER), oxygen reduction reaction (ORR), overall 
water splitting (OWS), and nitrogen reduction reaction (NRR). 
However, no related work has been done to thoroughly sum-
marize these aspects. In this review, we first analyze why GDY 
can act as excellent support from structures and properties, 
then various GDY-supported electrocatalysts are reviewed and 
the roles of GDY in these hybrid materials are highlighted. In 
addition, the electrochemical applications of GDY-supported 
electrocatalysts in energy conversion are also summarized. 
Finally, the challenges and opportunities of GDY and GDY-
based materials are also proposed based on our understanding 
to promote the further development of GDY.

2. Structure and Property

2.1. Molecular Structure

GYs are a class of 2D carbon allotropes, which are consti-
tuted by different numbers of benzene rings and acetylenic 
linkages (CC). This can lead to the formation of mona-
tomic layer thickness of carbon network with sp- and sp2-
cohybridized carbon atoms (Figure  1a).[30] Because of sp and 
sp2 cohybridization, four genres of carbon−carbon bonds 
exist in their structure: 1) Csp2Csp2 bonds of benzene rings;  
2) Csp2Csp bonds between adjacent CC double bonds and CC  
triple bonds; 3) CspCsp triple carbon bonds; and 4) CspCsp 
single carbon bonds between adjacent CC bonds. Based on the 
number of acetylenic linkages between benzene rings, GYs can 
be named as graphyne (GY, one acetylenic linkage), GDY (two 
acetylenic linkages), graphytrine (GY-3, three acetylenic link-
ages), graphtetrayne (GY-4, four acetylenic linkages) and other 
allotropes (Figure  1b–e).[31] The calculated equilibrium bond 
lengths of aromatic bonds, single bonds, and triple bonds are 
1.40–1.50, 1.33–1.48, and 1.12–1.24 Å (Table 1), respectively.[32] 
As for GDY, the bond lengths of Csp2Csp2 (benzene ring) 

bonds, Csp2Csp bonds (adjacent CC double and CC triple 
bonds), triple CspCsp bonds, and single CspCsp bonds are 
calculated to be 1.41, 1.40,1.24, and 1.33 Å, respectively.[33] The 
multitudinous carbon–carbon bonds in GDY make it possess 
stronger structural flexibility compared to graphene, which is 
beneficial for synthetizing curved structures such as nanotubes. 
The crystal lattice parameters of GDY are optimally ascertained 
to be 9.38 Å for a, 9.38 Å for b, 3.63 Å for c, 120° for θ, and 
3.7 Å for interlayer distance of GDY layers.[34] Besides, because 
of the inferior coupling between aromatic ring moiety and 
alkynyl unit, the single bonds are dwindled and the aromatic 
bonds are elongated to characteristic values, which reveals the 
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hybrid effect of sp- and sp2-hybridized carbon atoms. The lattice 
distances of GYs are quantitatively determined by average bond 
lengths. Previous work suggested that the lattice spacing had a 
homogeneous increase with the increasing content of acetylene 
linkage, the lattice spacing had an enhancement of 2.60  Å by 
adding one acetylene linkage.[32] In addition, the quantum-level 
analysis also showed that one acetylene linkage could cause 
a lattice spacing enhancement of 2.58 Å. The single-layer 2D 
planar structure of GYs is stacked to form a layered structure 
by van der Waals force and π–π interaction. GYs have a regular 
3D pore structure, and the triangular pores formed by benzene  
rings and acetylene bonds will lead to the formation of pores 
in layered GYs. In addition, GDY possesses high degree 
π-conjugation, regular ordered pore structure, and tunable  
electronic structure. These features make GDY exhibit great poten-
tials in diverse domains, including catalysis, energy conversion,  

energy storage, photoelectric conversion, biological application, 
and environmental remediation.[35]

2.2. Electronic Properties

The electronic properties are critical factors for electrocatalytic 
materials, which can determine their various applications. 
Therefore, it is necessary to investigate the electronic proper-
ties of GYs to give an in-depth understanding of their instincts. 
The huge interest for GYs is ascribed to the never-before-seen 
electronic transport features. The first-principles calculations 
have declared that GYs allotropes possess the natural bandgap 
(inherent semiconducting characteristic), which is different 
from graphene with alleged gapless band structure. The band-
gaps of GYs range from 0.46 to 1.22 eV, which depend on the 
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Figure 1.  a) Schematic of graphene to GY-linking aromatic groups by linear acetylene. Reproduced with permission.[30] Copyright 2013, Elsevier 
B.V. b–e) GYs with different numbers of acetylenic linkages. Reproduced with permission.[31] Copyright 2019, Nature Publishing Group. Optimized 
configurations of bilayer GDY systems named AB (β1) f) and AB (β2) g) from top view; three possible configurations of the trilayer GDY systems from 
top view: h) ABA (γ1), i) ABC(γ2), and j) ABC(γ3) configurations. Reproduced with permission.[36] Copyright 2016, The Royal Society of Chemistry.
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applied technologies and exchange-correlation functions.[43] For 
instance, Baughman’s group declared that the bandgap of GDY 
was 0.79 eV through the extended Hückel level of theory.[15] Lu’s 
group reported that monolayer GDY possessed the bandgap of 
1.10  eV based on GW many-body theory.[44] Jiao’s group pro-
nounced that GDY owned a bandgap of 1.22 eV, which was very 
close to silicon (1.10  eV).[45] In addition, the bandgap of GDY 
is extremely sensitive to strain, ribbon width, nanotube diam-
eter, stacking mode, and applied electric field. Cui et  al. stated 
that the bandgap of GDY raised from 0.47 to 1.39 eV with the 
increase of applied biaxial tensile strain, while decreased from 
0.47 to near 0  eV with the increase of applied uniaxial tensile 
strain, which suggested that the applied strain could cause 
variation of GDY’s electronic structure.[46] In contrast to gra-
phene nanoribbons, GY nanoribbons are semiconductors with 
a certain bandgap, and the bandgap reduces with the increase 
of the width.[47] Interestingly, the electronic properties of GYs 
nanotubes change more greatly compared to common single-
wall carbon nanotubes. Shohany et  al. reported that the band-
gaps of zigzag and armchair GDY nanotubes could be regulated 
by changing nanotubes diameter. Namely, the bandgap 
increased with the increase of nanotubes diameter. Meanwhile, 
zigzag GDY nanotubes possessed a smaller bandgap and higher 
diameter compared to armchair GDY nanotubes.[48] As for bulk 
GDY, especially bilayer and trilayer GDY, the stacking mode also 
influences its electrical features. As displayed in Figure 1f,g, the 
stacking modes of AB (β1) and AB (β2) for double-layer GDY 
are the most stable configuration and second stable configura-
tion.[36] Meanwhile, the bandgaps of AB (β1) and AB (β2) are 
determined to be 0.35 and 0.14  eV. For trilaminar GDY, the 
stacking modes of ABA (γ1), ABC (γ2), and ABC (γ3) possess the 
bandgaps of 0.32, 0.33, and 0.18 eV, respectively (Figure 1h–j).[36] 
The above-mentioned results reveal that the bandgap of GDY is 
greatly relied on stacking mode. In addition, the bandgap is also 
affected by the applied electric field, the bandgaps of two-layer 
and three-layer GDY reduce with the enhancement of applied 
vertical electric field, regardless of stacking method.

A shocked discovery was reported that GY networks held 
extremely ultrahigh charge transport feature. That is to say, 
Dirac cones existed in GY networks, which was previously 
regarded as the distinctive feature of graphene because of the 

hexagonal symmetry of graphene.[49] In addition, this study also 
proclaimed that the Dirac points and cones not only existed in 
α-GY and β-GY with hexagonal symmetry, but also existed in 
6,6,12-GY with rectangular symmetry. In other words, the pres-
ence of Dirac points and cones was not just determined by hon-
eycomb structure or hexagonal symmetry. This work further 
investigated the electronic band structures of different types of 
GYs, result showed that the valence band and conduction band 
of α-GY and β-GY were intertwined at a point at Fermi level 
(0  eV) and situated at the identical location in the Brillouin 
zone, which were in line with the Dirac points of graphene. 
In addition, hexagonal symmetry blocks the significant direc-
tion-dependent electronic properties on these network planes. 
In contrast to graphene with hexagonal symmetry, 6,6,12-GY 
with rectangular symmetry displays four Dirac points in the 
Brillouin zone, which are divided into two pairs and these two 
pairs are originated from various carbon atomic orbitals. This 
result discloses the unconventional direction-dependent elec-
tronic properties such as novel conductivity. The hole and elec-
tron mobility in 6,6,12-GY are 4.3 × 105 and 5.4 × 105 cm2 V−1 s−1 
under normal temperature, which are much larger than that 
of graphene (3.2 × 105 and 3.3 × 105 cm2 V−1 s−1). In addition, 
single-layer GDY also possesses excellent electron mobility 
of 2  ×  105  cm2 V−1 s−1 under atmospheric temperature, its 
hole mobility is an order of magnitude lower than electron 
mobility.[50] The superior charge carrier mobility makes it a 
promising support in electrochemical fields.

2.3. Mechanical Properties

Mechanical properties are also relatively appealing features for 
materials, especially for GYs. Previous study have reported that 
GDY possessed a lower in-plane Young’s modulus of 162 N m−1 
(53%) compared to graphene, revealing that it was softer than 
that of graphene.[51] This is because the average coordination 
numbers of carbon atoms in GY networks are sparser than 
graphene, thereby leading to a smaller in-plane atomic mass 
density and electronic charge density. However, GDY displays 
a larger Poisson ratio of 0.429 compared to graphene and this 
value is almost equal to completely incompressible material, 
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Table 1.  Comparison of calculated equilibrium bond lengths (Å) Reproduced with permission.[32] Copyright 2012, The Royal Society of Chemistry.

Work Aromatic Single Triple Note(s)

Here and Cranford and Buehler[20] 1.48–1.50 1.46–1.48 1.18–1.19 MD, ReaxFF potential; extended graphynes

Baughman et al.[15] 1.428 1.421 1.202 MNDO; canonical (1987); graphynes

Yang and Xu[37] 1.405–1.406 1.341–1.396 1.239–1.240 MD, REBO potential; extended graphynesa)

Narita et al.[38] 1.419 1.401 1.221 DFT, LSDA; extended graphynes

Bai et al.[39] 1.440 1.341–1.400 1.239 DFT, GGA-PBE; graphdiyne onlya)

Mirnezhad et al.[40] 1.423 1.404 1.219 DFT, GGA-PBE; graphyne only

Peng et al.[41] 1.426 1.407 1.223 KS-DFT; graphyne only

Pei[42] 1.431 1.337–1.395 1.231 VASP, GGA-PBE; graphdiyne onlya)

a)Range in single bond length due to differentiation between interior single bonds (connecting two sp1 carbons) and exterior single bonds (connecting sp1 with sp2 carbons).

MD: molecular dynamics; MNDO: modified neglect of differential overlap; REBO: reactive empirical bond order; DFT: density functional calculations; LSDA: local-spin-
density approximation; PBE: Perdew, Burke and Ernzerhof; GGA-PBE: generalized gradient approximation of Perdew–Burke–Ernzerhof; KS-DFT: Kohn–Sham density func-
tional theory; VASP: Vienna ab initio simulation package.
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which indicates that GDY volume can be well preserved under 
uniaxial strain. Cranfors and Buehler have employed ReaxFF 
MD to investigate the mechanical property of GYs. The result 
showed that GYs exhibited anisotropic feature and the scope 
of fracture strain for GYs was 8.2–13.2%, whereas the frac-
ture stress range was 48.2–107.5 GP, which were comparable 
to that of graphene.[20] The equilibrium interval between adja-
cent GYs layers is 3.20  Å, which is shorter than that of gra-
phene (3.35 Å). This is ascribed to much looser configuration 
of carbon atoms in GYs, thereby leading to inferior surface 
energy landscape and making the equilibrium distance short. 
In contrast to graphene, the existence of looser carbon atoms 
configuration and directionality of acetylene linkages in GY 
networks make their internal stiffness rely on the applied 
load orientations, resulting in the nonlinear stress-strain 
behavior. Hou’s group revealed that internal stiffness of GYs 
decreased from 75.6 to 12.3 N m−1 when the number of acety-
lene linkages increased from 0 to 10, while the Poisson’s ratio 
increased from 0.2 to 0.3.[52] Yue’s group also found that the 
internal stiffness had a downward trend for GY (166 N m−1), 
GDY (123 N m−1), GY-3 (102 N m−1), and GY-4 (88 N m−1) 
with the enhancement of acetylene linkages, and values of 
Poisson’s ratio were 0.416, 0.446, 0.436, and 0.432, which only 
had a minor change. In addition, the incorporation of acety-
lene linkages caused the obvious reduction of stability, elastic 
modulus, and failure strength, and all of them were defined 
as a function of the number of acetylene linkages or the lattice 
spacing.[53] In addition, Zhang et  al. also discovered that the 
introduction of acetylene linkages in GYs had a great influence 
on Young’s moduli, fracture strain, and fracture stress.[21] The 
fracture strain and final stress for various structures forcefully 
rely on the different types of applied loads and this phenom-
enon can be interpreted by the distinctive bond extension and 
atomic stress distribution among various conformations of 
acetylene groups. All of these confirm that GYs possess excel-
lent mechanical properties and GYs can be used as support for 
various electrocatalysts.

2.4. Stability

The diversification of carbon-carbon bonds in GYs can bring 
about strong structural flexibility, while it also results in the 
drawbacks of crippled mechanical stiffness and attenuated 
chemical stability. GYs are predicted to hold low formation 
energy and high thermal stability, despite the fact that their 
formation energy is higher than that of graphite.[54] The exist-
ence of acetylenic linkages in GYs will decrease their stability, 
which is dissimilar to graphene and other sp2-hybridized 
carbon materials. The stability of GYs is constantly reduced 
with the consecutive increase of acetylenic linkages.[32] Besides, 
density functional theory tight-binding (DFT-TB) calculation is 
employed to explore the stability and structural properties of 
GYs, where the dissimilarity between GYs and graphene is clar-
ified as δE (per carbon atom).[55] In view of sp- and sp2-hybrid-
ized carbon atoms in GYs, the energies of GYs are anticipated 
on the basis of the number of acetylene linkages and hybridi-
zations. The result shows that the stability of GYs depends on 
the number of acetylene linkages. Given all that, the stability 

of GYs extremely relies on the ratio of sp- to sp2-hybridized 
carbon atoms. Baughman and Eckhardt first forecasted that 
GYs held a relatively high thermal stability of 12.4  kcal mol−1 
per carbon atom through modified-neglect-of-diatomic-overlap 
quantum chemical calculations.[15] It is generally known that 
the Gibbs free energy is an important indicator to evaluate the 
stability of materials and smaller Gibbs free energy usually 
represents higher stability. Accordingly, the stability of GYs 
can compare with other materials through Gibbs free energy, 
especially carbon materials. Qiao and his co-workers deter-
mined the Gibbs free energy of GDY to be 0.803  eV,[39] and 
the Gibbs free energies of some related carbon allotropes 
such as diamond, graphite, carbon nanotube, fullerene, and 
graphene were approximate −0.022, −0.008, 0.114, 0.364, and 
1.037 eV, revealing that GDY was more unstable than most of 
above-mentioned carbon allotropes. Nevertheless, the infinitely 
extended 2D plane of GDY has a certain wrinkle shape in order 
to maintain the stability of structure, which is identical with 
graphene. Among all GYs, GDY is confirmed as the most stable 
carbon allotrope containing two acetylene linkages.[56] Conse-
quently, GDY has been extensively used for energy conversion.

3. GDY Supported Electrocatalysts for Energy 
Conversion

3.1. GDY as Support for Electrocatalysts

3.1.1. GDY as Support for Metal Oxides

Metal oxides are regarded as highly efficient electrocata-
lysts and have been widely applied to electrochemical energy 
conversion.[57] In order to enhance its performance, metal 
oxides are usually prepared as various nanostructures 
such as 0D, 1D, 2D, and 3D hierarchical morphologies to 
enlarge specific surface area and expose more active sites.[58] 
However, preparing metal oxides with different nanostruc-
tures significantly weakens their conductivity and structural 
stability.[59] Fortunately, recent studies have revealed that carbon 
components and especially all-carbon materials are suitable 
candidates to promote catalytic performance and structural 
stability of metal oxides.[60]

The newly developed 2D sp- and sp2-cohybridized carbon 
allotrope of GDY has aroused great interest in scientific research 
owing to its unique physicochemical properties.[61,62] The theo-
retical arithmetic reveals that the presence of sp-hybridized 
carbon atoms and triangular cavities in 2D GDY conjugated 
network are beneficial for forming tight interfacial contact with 
active constituents, which has not been detected in preceding 
developed sp2- and sp3-hybridized carbon allotropes.[23] This 
strong interactivity is attributed to the sp-hybridized-carbon-
rich structure, which accelerates the electron transfer process 
and strengthens the stability of metal oxides in electrochemical 
energy conversion. Recently, Xue’s group developed an efficient 
electrocatalyst of NiO-GDY using nickel carbonate hydroxide 
nanocubes as precursor.[63] Transmission electron microscopy 
(TEM) result showed that substantial NiO particles were gener-
ated after the dehydration of nickel carbonate hydroxide nano-
cubes by annealing treatment, resulting in the porous structure 

Adv. Energy Mater. 2020, 2000177
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of newly generated nanocubes (Figure 2a). The porous structure 
of prepared NiO-GDY not only enhanced the electrocatalytically 
active surface areas (EASAs), but also accelerated mass and ion 
transport. High-resolution transmission electron microscopy 
(HRTEM) and energy dispersive spectrometer (EDS) mapping 
indicated the successful preparation (Figure 2b–e). More impor-
tantly, the binding energies of Ni 2p1/2 and 2p3/2 of NiO-GDY 
had positive shift in X-ray photoelectron spectroscopy (XPS) 
spectra compared to pristine NiO (Figure  2f). This phenom-
enon revealed that electrons transferred from NiO to GDY, 
thereby promoting the conductivity of NiO. The DFT result 
also illustrated the palpable charge transfer between NiO and 
GDY, which was consistent with the result of XPS (Figure 2g). 
In addition, this electrocatalyst was prepared without using 
any binder, which also efficaciously lowered the resistance 
and enhanced the electrons transfer. Based on above-mentioned 
advantages, the prepared NiO-GDY electrocatalyst displayed 
superior performance for energy conversion.

3.1.2. GDY as Support for Transition-Metal Dichalcogenides

Up to now, precious-metal-based materials such as Pt, Ru, and 
Ir are proved to be high-performance electrocatalysts for electro-
chemical energy conversion, but the shortcomings of high cost, 
scarcity, and unsatisfactory stability make them unsuitable for 
commercialization.[64] Many precious-metal-free electrocatalysts 
like phosphides,[65] carbide,[66] selenides,[67] and transition-metal 
dichalcogenides (TMDs)[68] have been developed to solve this 
problem. Among them, TMDs with inexpensive and resource-
abundant features are potential alternatives. However, most of 
TMDs are still far from practical application because of their low 
catalytic activity and poor stability. Although uniting TMDs with 
various conductive carbon materials is deemed to be a method 
to accelerate electron transfer and obtain high performance,[69] 
it still had a lot of room for further improvement.

Recently, Xue’s group prepared a novel 3D flexible 
heterojunction material (eGDY/MoS2) using electron-rich GDY 

Adv. Energy Mater. 2020, 2000177

Figure 2.  a) TEM and b–d) HRTEM images of NiO-GDY NC; e) EDX mappings of Ni, O and C in NiO-GDY NC nanocubes; f) comparison of high-
resolution Ni 2p XPS spectra of NiO-GDY NC and pristine NiO NC; g) charge density deference map of NiOGDY NC. Reproduced with permission.[63] 
Copyright 2019, Elsevier B.V.
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(eGDY) as support and MoS2 as catalytic center, which was a 
superior catalyst for HER in both acid and alkaline condi-
tions.[70] DFT calculation showed that both pristine eGDY and 
MoS2 possessed semiconductor property, while eGDY/MoS2 
hybrid material held metal conductor nature, which indicated 
the strong electronic interaction between eGDY and MoS2 
(Figure  3a,b). In addition, the hydrogen adsorption free ener-
gies (ΔGH) of eGDY and MoS2 were calculated to be 1.18 and 
1.94 eV, revealing their stagnant property. However, the ΔGH of 
eGDY/MoS2 was −0.58 eV, revealing that it was more beneficial 
for hydrogen absorption and desorption (Figure  3c–e). 
Electrochemical impedance spectroscopy (EIS) was employed 
to estimate charge carrier transfer efficiency. The result showed 
that the solution resistance (Rs) and charge transfer resist-
ance (Rct) of eGDY/MoS2 were 3.54 and 1.50 Ω in 0.5 m H2SO4  
(3.67 and 5.20 Ω in 1.0 m KOH), which were much smaller than 

that of pure carbon cloth (CC), CC/MoS2, and pristine eGDY 
(Figure  3f). Besides, the electrical double-layer capacitance 
(Cdl) of eGDY/MoS2 was 50.7 mF cm−2, which was 2.44, 25.35, 
and 140.83 times larger than that of CC/MoS2, eGDY and 
CC, indicating that eGDY/MoS2 possessed large EASAs and 
tremendous uncovered active sites (Figure  3g). Furthermore, 
eGDY/MoS2 held higher transient photocurrent (116 µA cm−2), 
which was also larger than that of CC/MoS2, eGDY, and CC 
(Figure  3h). In addition, this hybrid material also held excel-
lent stability (Figure 3i,j). All of these evidences indicated that 
using eGDY as support not only accelerated electron transfer 
kinetics, but also provided more active sites. Furthermore, the 
massive pores and open spaces in eGDY/MoS2 heterostructure 
expedited mass transport and gas bubbles release. The syner-
gistic effect made this 3D flexible eGDY/MoS2 possess superior 
electrocatalytic performance at all pH value.

Adv. Energy Mater. 2020, 2000177

Figure 3.  Density of states (DOS) of a) eGDY/MoS2 and b) MoS2 (blue line) and eGDY (dashed violet line), in which Fermi level is 0 eV; charge density 
difference maps for eGDY/MoS2: c) top view and d) side view; e) hydrogen adsorption free energy (ΔGH) on eGDY/MoS2 (red line), eGDY (violet 
line), and MoS2 (blue line); f) Nyquist plots of the catalysts in 0.5 m H2SO4; g) the capacitive currents at 0.70 V versus RHE plotted against the scan 
rates (20, 40, 60, 80, 100, and 120 mV s−1) for eGDY/MoS2, CC/MoS2, GDY, and CC, respectively; h) transient photocurrent responses of the catalysts; 
i) polarization curves of eGDY/MoS2 obtained before and after 3000 potential cycles (inset: time-dependent current density curve of eGDY/MoS2 for 
40 h); j) the electrolysis cell (two chambers) using eGDY/MoS2 as cathode under working conditions (RE, the reference electrode; WE, the working 
electrode; CE, the counter electrode). Reproduced with permission.[70] Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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In 2018, Han and co-workers prepared a novel triple-layered 
sandwiched nanostructure using hydrogen-substituted GDY 
(HsGDY) frameworks as the middle layer, NiCoS (Co9S8/
Ni3S2) as inner void, and Ni–Co co-doped MoS2 (Ni,Co-MoS2) 
as outer shell by dual-template synthetic method (Figure 4a).[71] 
The middle layer of HsGDY not only worked as a separator 
to confine in situ transformation of nickel cobalt hydroxyl 
carbonate (NiCoHC) into NiCoS, but also acted as an ion 
channel to diffuse Ni2+ and Co2+ into outer layer to form 
Ni,Co-MoS2. The proposed triple-layered nanostructure was 
anticipated to possess outstanding catalytic activity. To reveal 
the inherent catalytic activity of NiCoS@HsGDY@Ni,Co-
MoS2, iR (i denotes current and R denotes Ohmic electrolyte 
resistance) correction was employed to equalize the overpoten-
tial. As displayed in Figure 4b, NiCoS@HsGDY@Ni,Co-MoS2 

exhibited the best HER performance, the second was NiCoS@
HsGDY and the worst was NiCoS, which indicated that each 
component in this sandwiched nanostructure played impor-
tant role in catalytic process. Furthermore, NiCoS@HsGDY@
Ni,Co-MoS2 possessed the smallest overpotential of 124  mV 
with a Tafel slop of 64.3  mV decade−1 at current density of 
10 mA cm−2, which was preferable to that of NiCoMoS (mixed 
Co9S8, Ni3S2, and Ni,Co-MoS2), NiCoS@HsGDY, and NiCoS 
(Figure 4c). The HER behavior of NiCoS@HsGDY was better 
than that of NiCoS, which indicated that HsGDY was an impor-
tant channel for electron and ion diffusion. In addition, the Rct 
greatly reduced from 10 to 2 Ω after incorporating HsGDY with 
NiCoS, further confirming that HsGDY adjunction was better 
for electron transfer (Figure 4d).[72] In addition, this sandwiched 
hybrid nanostructure held higher Cdl (75 mF cm−2), uncovering 

Adv. Energy Mater. 2020, 2000177

Figure 4.  a) Schematic illustration of the fabrication of triple-layered nanotube arrays; b) HER polarization curves with iR compensations; c) Tafel plots; 
d) Nyquist plots derived from EIS, with an equivalent circuit (CPE (constant phase element), Rs (equivalent series resistance), Rct (charge transfer 
resistance)); e) time-dependent current density curves without iR compensations of NiCoS@HsGDY@Ni,Co-MoS2, NiCoMoS, NiCoS@HsGDY, 
NiCoS, HsGDY, Pt sheet, and carbon paper in 0.5 m H2SO4 (pH = 0.5). Reproduced with permission.[71] Copyright 2018, Nature Publishing Group.



www.advenergymat.de

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000177  (9 of 25)

www.advancedsciencenews.com

that it owned larger EASAs and active sites. This sandwiched 
hybrid nanostructure also possessed high stability (Figure 4e). 
In brief, the incorporation of HsGDY made this triple-layered 
hybrid material possess distinctive built-in electron and ion 
channel, which was beneficial for the improvement of catalytic 
property.

Furthermore, Liu and co-workers developed layered WS2/
GDY 2D heterojunction using GDY as support to directly 
deposit WS2.[73] The Raman spectra exhibited that the intensity 
ratio of ID/IG was 1.06 for WS2/GDY and it was much larger 
than that of pure GDY (0.74), indicating that more defects 
existed in WS2/GDY heterojunction. The was because some 
S atoms were induced into GDY network during sulfuriza-
tion treatment,[74] which resulted in massive defects in WS2. 
These defects could provide multitudinous reactive sites. In 
addition, the Fermi level of GDY was calculated to be −3.95 V 
based on ultraviolet photoelectron spectroscopy and the work 
function of WS2 was 4.54  V, revealing that a Schottky barrier 
was generated at the interface between WS2 and GDY. The 
presence of Schottky barrier indicated the fast charge transfer 
from GDY to WS2, thereby boosting electrocatalytic activity. In 
2018, Xue and his co-workers reported a creative heterojunc-
tion of MoS2/NGDY (N-doped GDY) with outstanding catalytic 
performance.[75] The outstanding catalytic performance was 
originated from three aspects: 1) the introduction of NGDY 
greatly reduced the aggregation of MoS2, and thus enhancing 
EASAs and exposing numerous active sites; 2) the porous struc-
ture of NGDY in 3D MoS2/NGDY heterojunction overwhelm-
ingly promoted the mass transport; 3) the strong interactivity 
between MoS2 and NGDY improved the electrical conductivity 
and heightened the charge migration efficiency.

3.1.3. GDY as Support for Transitional Metal Layered  
Double Hydroxides

Apart from TMDs, transitional metal layered double hydrox-
ides (TM LDHs) are also desired candidates in the field of 
electrocatalysis owing to their distinctive features such as 2D 
laminated structure, adjustable chemical composition, and 
multifunctionalities.[76] Nevertheless, low conductivity and poor 
stability are still two significant encumbrances of LDHs, which 
greatly weaken their catalytic behavior.[77] Fixing LDHs on sup-
ports is deeded as an efficacious strategy to solve aforemen-
tioned encumbrances, and previous studies have successfully 
anchored LDHs on various substrates such as graphene,[78] 
porous graphitized carbon,[79] Ni2P,[80] NiCoP,[81] and MXene,[82] 
which obtained expected effect.

Recently, Xue’s group successfully prepared a novel catalyst 
of GDY enwrapped Fe/Co layered double-hydroxide nanosheet 
arrays (Fe/Co-LDH@GDY/NF) through in situ growth strategy 
for OWS.[83] The large interlayer distance and strong ion 
exchange ability of Fe/Co-LDH (ICLDH) gave the precursor of 
GDY access to its gallery, which was beneficial for generating 
GDY on ICLDH. At the same time, the stress/deformation 
caused by intimate contact between ICLDH and GDY enhanced 
interlamellar distance owing to its flexibility property, thereby 
leading to the entire exfoliation of bulk ICLDH (b-ICLDH) 
into few-layer ICLGH (e-ICLDH) and the generation of 

2D/2D structure. This innovative strategy held three main 
superiorities compared to conventional electrocatalysts. First 
of all, the inherently strong electrical conductivity of GDY 
could overwhelmingly accelerate charge migration, thereby 
improving electrocatalytic performance; secondly, the mas-
sive triple bonds in GDY made it possess substantial charged 
carbon atoms and these charged carbon atoms worked as reac-
tive sites. In addition, GDY was deemed as one of the most 
stable diacetylenic carbon allotropes,[70,75] which could shield 
e-ICLDH from corroding and prolong its useful life. The theo-
retical studies showed that about 0.80|e| migrated from ICLDH 
to GDY, confirming the intimate interaction between ICLDH 
and GDY (Figure 5a–d). Furthermore, the shift of binding ener-
gies in XPS and peaks in Raman spectrum also testified the 
electron migration (from e-ICLDH to GDY) (Figure 5e–g). The 
migrated electrons (from e-ICLDH to GDY in e-ICLDH@GDY) 
were favorable for the generation of *OOH specie with smaller 
free energy than that of pure GDY (0.54  vs 0.93  eV), thereby 
enhancing OER performance. In addition, the DFT calculation 
displayed that e-ICLDH@GDY was favorable for H2O absorp-
tion because the O 2p band of H2O was overlapped with Fe 3d 
of e-ICLDH@GDY. e-ICLDH@GDY also displayed energeti-
cally favorable path with low adsorption (−0.56 eV) and prefer-
able exothermal reaction heat for H2 (−1.40 eV) (Figure 5h–j). 
More importantly, e-ICLDH@GDY also possessed the lowest 
transition state barrier of the intermediating H2O splitting and 
the most energetically favorable chemisorption energy of HER 
(Figure  5k–m). Overall, e-ICLDH@GDY displayed excellent 
catalytic performance compared to pristine e-ICLDH and GDY, 
which would be a promising catalyst for OER and HER.

Wu’s group first prepared superhydrophilic GDY (HGDY) 
through air–plasma treatment (the technology that usually 
enhances hydrophilic oxygenic groups of carbon materials) and 
then anchored ultrathin CoAl LDH on the surface of HGDY 
to form CoAl-LDH/HGDY hybrid material through electro-
static self-assembly method.[84] The obtained CoAl-LDH/
HGDY displayed unprecedented catalytic performance with a 
low overpotential of about 258 mV to attain 10 mA cm−2, which 
was the best record for OER among all CoAl-based and GDY-
based LDH electrocatalysts.[85,86] The unprecedented catalytic 
performance was attributed to the electrostatic interaction 
between HGDY (negative charge density) and CoAl-LDH (posi-
tive charge density), which was favorable for catalyst combina-
tion. The high conductivity of HGDY accelerated the charge 
transfer and the superhydrophilic HGDY made catalyst have 
an intimate contact with electrolyte, thereby improving inter-
facial mass transport and electron transfer. In addition, other 
LDHs such as iron carbonate hydroxide nanosheets (FeCH),[87] 
and nickel–iron layered double hydroxide (NiFe-LDH)[88] were 
also successfully assembled on the surface of GDY. The pre-
pared electrocatalysts showed outstanding catalytic activity, 
which confirmed that GDY was indeed an excellent support for 
LDHs.

3.1.4. GDY as Support for Metal Nitride

Apart from above-stated excellent electrocatalysts, transition-
metal nitrides are also confirmed as outstanding catalysts 
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that have been applied to many fields as a result of their 
numerous active sites, robust stability, and low cost.[89] Never-
theless, transition-metal nitrides also suffer from an identical 
shortcoming (low electrical conductivity) with metal oxide, 
TMDs, and TMLDHs, which renders their poor catalytic 
property.[90] Hence, it is extremely important to strengthen 
their electrical conductivity, thereby boosting electrocatalytic 
performance.

In this respect, Xue and his co-workers assembled 
transition-metal nitrides with newly emerged planar carbon 
network of GDY (CoNx@GDY) through a three-step strategy 
to enhance conductivity and energy conversion efficiency.[91] 
A series of electrochemical characterization methods were 

conducted to thoroughly discern the high electrocatalytic 
performance of hybrid material. EIS results showed that 
CoNx@GDY exhibited the smallest semidiameter compared to 
pure CoNx and GDY, indicating the smallest electric resistance 
(4.74 Ω) and highest charge transfer efficiency.[92] In addition, 
the result of EASAs measurement showed that CoNx@GDY 
also possessed a larger Cdl value (4.88 mF cm−2) than that of 
pristine CoNx (3.45 mF  cm−2), suggesting that CoNx@GDY 
held much more active sites than that of pure CoNx. Based 
on above-stated results, the incorporation of GDY not only 
increased electrical conductivity, but also produced numerous 
active sites, which significantly enhanced electrocatalytic 
performances.

Adv. Energy Mater. 2020, 2000177

Figure 5.  Theoretical calculations and structural analysis of the electrocatalysts. The stable configurations of a) GDY, b) ICLDH, and c) ICLDH@GDY; 
d) charge density difference for the stable configuration of ICLDH@GDY; e) Fe 2p and f) Co 2p core-level XPS spectra of the e-ICLDH@GDY/NF 
structure; g) Raman spectra of GDY, ICLDH, and e-ICLDH@GDY; arrows indicate the directions of the shifts of the Raman spectral signals relative to 
those of e-ICLDH@GDY; h) the free energy changes for the formation of OOH* and corresponding stable structures of GDY (ΔG1) and e-ICLDH@GDY 
(ΔG2); i) PDOSs of the 3d and 2p bands of interfaced system containing GDY and ICLDH layers; j) PDOSs of Fe 3d, Co 3d, H2O-s and H2O-p bands 
near the interface region; k) Energetic pathway of HER under alkaline conditions for e-ICLDH@GDY, ICLDH, and GDY, respectively; l) Comparison 
on the transition state barrier for H2O-splitting among three systems; m) H-chemisorption of these three systems. Reproduced with permission.[83] 
Copyright 2018, Nature Publishing Group.
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3.1.5. GDY as Support for Metal Nanoparticles

As we know, surface active sites play critical role in electro-
chemical reaction kinetics.[93] Regulating the size of materials 
to enlarge highly dense surface reactive sites is an efficacious 
method to boost catalytic behavior.[94] However, downsizing the 
size of catalysts will enhance their surface energy, which results 
in the rigorous aggregation of catalysts.[95] Thence, hunting 
for suitable and impactful catalyst support to strengthen the 
dispersion of catalysts and simultaneously reinforce electron-
transfer kinetics is a matter of great urgency. Carbon materials 
with high surface-to-volume ratio, predominant electroconduc-
tivity, and high endurance are better choices to support nano-
particles,[96] while the limited cycle life of such materials is a 
great challenge.[97]

Very recently, GDY consisted by sp- and sp2-hybridized 
carbon atoms has triggered huge interest. Owing to the 
following unique properties, GDY would be an ideal support 
for metal nanoparticles. 1) The strong interaction between 
metal nanoparticles and alkyne or aryl π-conjugated network 
prevents nanoparticles from aggregation; 2) the presence of 
distinctive vesicular structure in GDY permits metal nano-
particles to embed with higher adsorption energy than that of 
graphene;[98] 3) the superior electroconductivity is strong guar-
antee for making it an outstanding catalyst support. In 2016, 
Yang and co-workers developed a scalable and inexpensive way 
to fabricate GDY-supported Co nanoparticles (NPs) wrapped 
by N-doped carbon (CoNC/GDY) as an excellent electrocatalyst 
for HER.[97] Previous study reported that the strong chemical 
adsorption between transition metals (such as Co) and alkyne 
rings of GDY was beneficial for depositing Co NPs on GDY 
surface.[99] In addition, this strong interaction resulted in the 
faster electron migration from Co NPs to GDY, which enriched 
the electron density of GDY and thereby boosted electrocata-
lytic performance. EIS measurement also showed that CoNC/
GDY electrocatalyst possessed the smallest Rct (27.49 Ω in alka-
line environment, 31.5  Ω in acid environment, and 22.69  Ω 
in neutral media) compared to pristine GDY and NC/GDY, 
revealing its high charge-transfer kinetics.[100] Apart from above-
mentioned superiorities, this electrocatalyst also possessed 
other advantages. On the one hand, the strong electrochemical 
conductivity of GDY made this electrocatalyst a highly conduc-
tive supporting matrix. On the other hand, the high porosity 
of GDY greatly expedited mass transfer and maximized the 
utilization of reactive sites. More importantly, Co NCs can be 
prevented from corrosion and aggregation by confining Co NCs 
into composite, and thus promoting the stability.

In 2017, Zhang and his co-workers used GDY as substrate 
to fasten cobalt nanoparticle to prepare a novel 3D Cu@GDY/
Co electrocatalyst for oxygen evolution.[101] The electrocatalytic 
performance test revealed that pure Cu foam did not generate 
anodic current within 1.6  V, and no considerable change on 
catalytic performance was observed when GDY grew on Cu 
foam, indicating that bare GDY did not possess catalytic prop-
erty. However, when anchoring Co nanoparticle on Cu@GDY 
foam by in situ chemical reduction method, Cu@GDY/Co 
foam displayed higher anodic current than that of aforemen-
tioned materials with an onset potential of about 1.53 V. More 
importantly, the current density of 10 A m−2 can be obtained 

when only a low potential of approximate 1.65 V was applied. 
Unfortunately, there was no improved activity can be detected 
when only Co nanoparticles were fixed on Cu foam. In addi-
tion, inductively coupled plasma mass spectrometry (ICP-MS) 
result showed that only 0.6  µg  cm−2 of Co was adhered to 
pristine Cu foam. However, about 8.2 µg cm−2 of Co could be 
attached to Cu@GDY, which was 13.7 times larger than that 
of pristine Cu foam, revealing that GDY was beneficial for Co 
nanoparticles stabilization. The Tafel plots and EIS suggested 
that Cu@GDY/Co foam possessed the smallest Tafel slope and 
radius among other electrodes, confirming the highest con-
ductivity and the most excellent catalytic performance of Cu@
GDY/Co foam. The obtained catalytic performance was equal 
to or even slightly better than that of other Co NPs-based cata-
lysts reported in previous studies.[102] The excellent catalytic 
activity was ascribed to the synergistic reaction of 3D Cu foam, 
GDY, and Co nanoparticles. Cu foam was used a 3D skeleton 
to prepare GDY, Co nanoparticles provided numerous active 
sites, and GDY was used as the support for Co nanoparticles to 
improve dispersion and simultaneously work as a channel for 
mass transport and electrons transfer.

3.1.6. GDY as Support for Single Atoms Catalyst

As mentioned above, downsizing the catalyst particle can 
expose more active sites. Therefore, regulating the size of 
catalyst to atomic scale (single atoms) will maximally expose 
active sites.[103] Unfortunately, the high surface energy of 
single atoms makes them unstable and they are more prone 
to aggregate compared to nanoparticles during the fabrication 
and catalytic process.[104] In addition, the low electroconduc-
tivity, small loading, and poor tolerance also depress their 
catalytic activity. Thus, single atoms are usually anchored on 
appropriate substrates to improve their dispersion and electro-
conductivity. The sp (px–py π/π* states) and sp2 (pz π/π* state) 
hybridization coexisted in GDY structure reveals that the π/π* 
orbitals can rotate in any direction perpendicular to CC 
bonds.[99] This unique nature is more suitable for the anchoring 
of single atoms, and thus leading to high-speed charge car-
rier migration between single atoms and GDY. In addition, 
the valence states of previous reported single atoms were 
positive valence states[105] or mixed valence states,[106] while the  
zero-valence single atoms (only contain zero valence, also 
called as zero-valence metal atoms) have not been prepared. 
Fortunately, some zero-valence metal atoms have been pre-
pared using GDY as support in recent year, which is regarded 
as a great breakthrough in the field of catalysis. Therefore, this 
section is divided into two parts, one is GDY-based traditional 
single atoms catalyst and another is GDY-based zero-valence 
metal atoms catalyst.

GDY-Based Traditional Single Atoms Catalyst: Last year, Lu 
and co-workers anchored single-atom Pt on GDY, and Pt 
atoms were homogeneous distributed on GDY via the coordi-
nation interaction between Pt atoms and alkynyl C atoms in 
GDY, in which Pt-GDY1 (GDY reacted with K2PtCl4 at 0  °C 
for 480  min) formed five-coordinated C1–PtCl4 species, while 
Pt-GDY2 (Pt-GDY1 annealed at 200  °C for 60  min under Ar 
condition) formed four-coordinated C2–Pt–Cl2 species.[107] The 
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prepared Pt-GDY2 displayed amazing catalytic performance for 
HER, and the optimal catalytic performance was much supe-
rior than that of Pt-GDY1 and Pt/C electrocatalyst. A series of 
characterizations revealed that Pt-GDY2 possessed the highest 
total unoccupied density states of Pt 5d orbital compared to 
pristine GDY and Pt-GDY1. It is universally known that the 
vacant d orbitals of atomic catalysts play critical role in catalytic 
reaction, which commonly contributes to superior catalytic 
performance. This is because d orbital can interact with 1s 
orbital of H atom, which is favorable for transferring electron 
to H atoms.[108] In addition, the computed Gibbs free energy of 
hydrogen adsorption (∆GH*) showed that the ∆GH* of Pt-GDY2 
was 0.092 eV. Compared to the ∆GH* of bare GDY (0.801 eV) 
and Pt-GDY1 (−0.653) eV, this value was similar with the ∆GH* 
of Pt metal (−0.09 eV).[109] This result suggested that the excel-
lent HER performance was also attributed to the topgallant 
∆GH* for H adsorption on the per Pt active site. Therefore, 
the suitable ∆GH* and higher total unoccupied density states 
of Pt 5d orbital in Pt-GDY2 were in charge of the outstanding 
catalytic performance. In addition, GDY also was utilized as a 
suitable support for Sc/Ti single atoms[110] and transition-metal 
single atoms,[111] which greatly enhanced the high distribution 
of single atoms, accelerated electron transfer and promoted 
electrical conductivity, thereby boosting electrochemical energy 
conversion efficiency.

GDY-Based Zero-Valence Metal Atoms Catalyst: In 2018, Li 
and his coworker anchored zero-valence Ni0 and Fe0 atoms on 
GDY through electrochemical reduction method strategy.[112] 
Subangstrom-resolution high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
result showed that Ni and Fe atoms were evenly distributed on 
GDY and the sizes of them were about 1.23 and 1.02 Å, which 
were in line with the typical sizes of isolated Ni and Fe atoms. 
X-ray absorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) spectra were utilized 
to further ensure that Ni and Fe were isolated atoms. The result 
displayed that only one peak (approximate 1.6 Å for Ni–C and 
1.5 Å for Fe–C) existed in EXAFS spectra of Ni/GDY and Fe/
GDY, while no other peaks (2–3 Å for Ni–Ni and 2.3 Å for Fe–Fe)  
were detected, which revealed that Ni and Fe were isolated 
atoms. In addition, XANES and EXAFS were further conducted 
for Ni/GDY and Fe/GDY after hydrogen reduction and result 
showed that XANES and EXAFS spectra remained unchanged, 
which indicated that Ni and Fe existed as metallic state in Ni/
GDY and Fe/GDY. Furthermore, they also employed theoretical 
studies to confirm that only isolated Ni and Fe atoms existed in 
Ni/GDY and Fe/GDY system. Furthermore, there was a strong 
interaction and high-speed charge transfer between isolated Ni 
(Fe) atoms and GDY. The strong interaction between isolated 
Ni (Fe) atoms and GDY was favorable for stabilizing themselves 
on GDY surface. Meanwhile, the high-speed charge transfer 
from Ni (Fe) atoms to GDY was propitious to the promotion of 
electrical conductivity and electrocatalytic activity.

Very recently, Xue’s group successfully stabilized zero-valence 
palladium atoms (Pd0) on GDY surface through electrochemical 
deposition, which displayed superior HER performance.[113] 
The authors investigated the critical mechanism of superior 
HER performance through their proposed two-way crossover 
linear response technique.[114] The result showed that both 

singly and triply symmetrically fixed Pd atoms held the closed 
shell (crossover) effect, which manifested the formidable orbital 
overlaps between Pd atoms and adjacent C atoms. Moreover, 
the raised orbital energy indicated that electronegativity was 
enhanced, further revealing the suitable deposition of Pd0 on 
GDY surface. The projected partial density of states (PDOSs) 
showed that the bonding between Pd atom and C1 and C2 sites 
(carbon atoms near Pd atoms) in Pd Pd0/GDY system was much 
stronger than that in Ni-GDY system, indicating the high-speed 
charge transfer between Pd atoms and neighboring C sites.[112] 
In addition, theoretical arithmetic disclosed that C1 and C2 
sites were preferable for H adsorption, C3 and C4 sites (carbon 
atoms away from Pd atoms) were favorable for H desorption, 
and this result assured the excellent HER performance. The 
above-mentioned theoretical evaluation corroborated that GDY 
was an ideal support for Pd0 anchoring, and it was further veri-
fied by experiment. Scanning electron microscope (SEM) and 
TEM showed that GDY was formed as ultrathin nanosheet and 
intertwined with each other to form a vertically aligned film on 
Cu foam (Figure  6a–c). After anchoring Pd0 on GDY surface, 
the morphology did not change, revealing the robust feature of 
GDY skeleton (Figure 6e–g). HRTEM suggested that Pd0/GDY 
hybrid material had an interplanar spacing of 0.329 nm, which 
was smaller than that of pristine GDY. The distance between 
two neighbor GDY layers became smaller, indicating the strong 
interactivity between them (Figure  6d,h). In addition, Pd° 
cannot be observed in SEM, TEM, and HRTEM, confirming the 
high dispersion of Pd0 on GDY surface. HAADF-STEM images 
discovered that Pd0 was uniformly distributed on the surface of 
GDY and no apparent aggregation was detected (Figure  6i–l). 
STEM images and elemental mapping images also confirmed 
the well-proportioned dispersion of the monatomic Pd atoms 
on GDY surface (Figure 6m–p).

Very recently, Li’s group also prepared a novel GDY-supported 
zerovalent Mo atoms catalyst by one-step solvothermal reduction 
method.[115] ICP-MS measurement showed that a high loading 
amount of zerovalent Mo atoms (7.5%) could be achieved by 
this method, which was much higher than that of previously 
reported single atoms catalysts.[116] Various characterizations 
such as SEM, TEM, HRTEM, and XRD have testified that no 
Mo NPs formed and EDS mapping displayed the high disper-
sion of Mo atoms in Mo0/GDY. In addition, HAADF-STEM 
distinctly exhibited the isolated and well-distributed bright dots, 
which corresponded to heavy-element atoms on GDY surface 
and confirmed the successful preparation of Mo0/GDY. EXAFS 
spectra revealed that only one obvious peak at 1.2 Å appeared, 
which was in line with Mo−C interactions. However, no peak 
related to MoMo bond can be observed in EXAFS spectra, cer-
tifying that Mo only existed as isolated Mo atoms. In addition, 
EXAFS spectrum of Mo0/GDY was identical with the EXAFS 
spectrum of Mo reference, and the pre-edge derivative of 
XANES of Mo0/GDY catalyst resembled metallic Mo, revealing 
the zerovalent Mo atoms. Furthermore, the top valence band 
of Mo0/GDY was near to Fermi level compared to pure GDY, 
indicating the high conductive capacity of Mo0/GDY. Besides, 
they employed PDOSs to investigate the exceptional electronic 
activity of Mo0/GDY. Results showed that the electron-transfer 
behavior was controlled by the Mo 4d and C-p orbitals and the 
Mo 4d bands were fixed in the middle crossover of the Fermi 

Adv. Energy Mater. 2020, 2000177
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level by two dominant C-bonding and antibonding orbitals. 
This result not only favored the preservation of Mo 4d valence 
electronic states for diverse electrocatalytic process, but also 
guaranteed that Mo sites could extract electron from C sites 
and then transfer to N sites. In short, the prepared Mo0/GDY 
electrocatalyst possessed excellent catalytic performance.

3.2. Applications

3.2.1. Hydrogen Evolution Reaction

With rapid consumption of conventional fossil fuel, the prob-
lems of energy shortage and environmental pollution are also 
coming. Developing a promising strategy to generate clean 
energy is a goal of world.[117] Hydrogen is believed as a clean 
and sustainable energy and electrochemical splitting water is 

considered to be a promising, efficacious, and benign tactic for 
hydrogen evolution.[118] HER occurs at negative electrode in elec-
trocatalytic hydrolysis process, which owns intrinsic superiority 
for providing hydrogen because of the enormous water resource.

Xue’ s group first utilized NGDY as stabilizer to anchor MoS2 
nanosheet on its surface for HER.[75] The accelerated charge 
transfer, improved mass transport, and exposed reactive sites 
made it a superior electrocatalyst with high activity. The HER 
result showed that this MoS2/NGDY catalyst only required a 
low overpotential of 186 mV to reach current of 10 mA cm−2, 
which was superior to that of previous MoS2-based electrocata-
lysts and even overmatched commercial Pt catalyst. Although 
MoS2/NGDY possessed outstanding catalytic performance for 
HER, it still had a lot of room for improvement. Therefore, this 
group also fabricated a heterojunction using eGDY as support 
and MoS2 as catalytic activity center in the same year.[70] 
As  expected, the prepared heterojunction showed wonderful 
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Figure 6.  a,b) SEM, c) TEM, and d) HRTEM images of pristine GDY; e,f) SEM, g) TEM, and h) HRTEM images of Pd0/GDY; i–l) HAADF images 
obtained from various regions of Pd0/GDY nanosheets; m–p) STEM-HAADF image of the Pd0/GDY nanosheet and corresponding elemental mappings 
of Pd and C atoms. Reproduced with permission.[113] Copyright 2019, Elsevier B.V.
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HER performance and the electrocatalytic HER measurement 
exhibited that eGDY/MoS2 just needed an overpotential of 
128 mV to obtain current density of 10 mA cm−2 under acidic 
condition, which was better than that of eGDY, MoS2, and pre-
viously reported MoS2/NGDY electrocatalyst.[75] In addition, 
He and his co-workers also fabricated GDY nanosheet coated 
MoS2 nanosheet arrays grown on carbon fiber network (GDY-
MoS2 NS/CF) with the help of hydrothermal strategy and cross-
coupling process.[119] The obtained heterostructure catalyst 
displayed predominant HER performance under both acidic 
and alkaline condition. DFT result suggested that the introduc-
tion of GDY could overwhelmingly reduce the ΔGH (from 1.94 
to 0.78 eV) of MoS2 (Figure 7a,b), benefiting for H adsorption 
(critical step in water splitting). In addition, PDOS showed 
that the presence of C 2p orbital lowered the conduction band 
minimum, indicating that the introduction of GDY decreased 
the bandgap and increased the electroconductivity (Figure 7c,d). 
The HER performance test showed that GDY-MoS2 NS/CF 

possessed the highest electrochemical performance with ultra-
high current density and ultralow overpotential in alkaline envi-
ronment. GDY-MoS2 NS/CF only demanded low overpotential 
of about 90 mV to realize current density of 10 mA cm−2, which 
was 1.15, 2.42, and 6.78 times lower than that of 20% Pt/C, 
MoS2 NS/CF and GDY/CF. This electrocatalytic performance 
was also more preferable than that of great majority of state-of-
the-art catalysts (Figure 7e).[120] In addition, GDY-MoS2 NS/CF 
held the smallest Tafel slopes of 88 mV decade−1 compared to 
pristine MoS2 NS/CF and GDY/CF of 95 and 158 mV decade−1 
(Figure  7f). GDY-MoS2 NS/CF also exhibited high durability 
without reduction of electrocatalytic performance after thou-
sands of consecutive cycles (Figure 7g), and there was no differ-
ence of overpotential at 10, 50 and 100, and 200 mA cm−2 after 
1000 cycles, further confirming its high stability (Figure  7h). 
More importantly, GDY-MoS2 NS/CF also owned superior HER 
performance compared to other catalysts (Figure 7i), suggesting 
its universality in both acidic and alkaline condition.

Adv. Energy Mater. 2020, 2000177

Figure 7.  a) Top view of the optimized structures of GDY-MoS2; b) Free-energy diagram of HER at equilibrium potential based on DFT calculation 
for pristine MoS2, GDY and different sites in GDY-MoS2 (blue line: C1 site; red line: C2 site; green line: C3 site). Insets: Optimized H-adsorption on 
different sites of GDY; c) DOS for pristine MoS2 and GDY-MoS2 heterostructure. d) PDOS (DOS on specified atoms and orbitals; Mo-d: d-orbital of 
Mo; S-p: p-orbital of S; C-p: p-orbital of C) for GDY-MoS2 (Inset: the enlarged view of the marked region); e) Linear sweep voltammetry (LSV) curves;  
f) corresponding Tafel plots of as-synthesized electrocatalysts; g) LSV curves of GDY-MoS2 NS/CF and MoS2 NS/CF recorded before and after continuous 
cycling tests; h) The overpotentials at 10, 50, 100 and 200 mA cm−2 after every 1000 cycles; i) LSV curves in 0.5 m H2SO4. Reproduced with permission.[119] 
Copyright 2013, Elsevier B.V.
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Furthermore, Wang’s group developed a novel 3D Cu@GDY 
core-shell heterojunction through simple self-catalyzed growth 
route.[121] The prepared Cu@GDY exhibited amazing HER 
activity, it acquired comparatively low overpotentials of 79 
and 162  mV to reach catalytic current densities of 10 and 
100  mA  cm−2. This HER performance was much better than 
that of previously reported non-precious-metal-based materials 
under acid condition.[122] More importantly, the shell layer of 
GDY served as the chemically unanimated and mechanically 
stable platform to protect hybrid material from degrading, 
which was beneficial for enhancing its stability. Thus, this 
Cu@GDY core-shell material stayed the identical polarization 
curve after thousands of operations and even retained high cat-
alytic performance for 20 h, discovering its strong stability. The 
unexpected HER performance and ultrahigh stability coupling 
with low-cost and large-scale fabrication procedure made it a 
potential candidate for practical energy conversion. Yang and 
co-workers reported an electrocatalyst of CoNC/GDY with 
high-performance for HER under all values of pH.[97] This 
electrocatalyst also possessed strong stability, it could maintain 
high activity after successive 36 000, 38 000, and 9000 opera-
tions under alkaline, acidic, and neutral conditions, which 
was more excellent than that of 10% Pt/C catalyst under the 
completely same condition. Moreover, Liu and his co-workers 
reported a 2D/2D WS2/GDY heterojunction electrocatalyst 
which synthetized by facile hydrothermal method.[73] During 
the preparation process, some S atoms escaped from WS2 
and doped into GDY, thus resulting in numerous defects in 
WS2. These defects could work as active edges. This 2D/2D 
structure also provided large specific surface area for catalytic 
reaction. In addition, a built-in electric field was also generated 
at the interface between WS2 and GDY owing to the suitable 
energy band alignment, which enhanced the charge transfer 
between WS2 and GDY. Therefore, this defect-rich 2D/2D 
structure held outstanding HER activity with decreased onset 
potential (140  mV) and low Tafel slope (54  mV decade−1). Li 
and co-workers anchored zero-valence stable transition-metal 
atoms on the surface of GDY to investigate its electrocatalytic 
performance for HER.[112] Surprisingly, this GDY-supported 
zero-valence isolated atom (Ni0 and Fe0) electrocatalyst 
displayed unprecedented electrocatalytic HER performance. 
Fe0/GDY displayed the highest HER performance with the 
smallest onset potential of 9  mV compared to pristine GDY 
and Ni0/GDY, and this HER activity was also comparable to 
that of Pt/C. Fe0/GDY and Ni0/GDY showed the overpoten-
tials of 66 and 88  mV at 10  mA  cm−2, which overmatched 
other earth-rich electrocatalysts, even noble-metal-based 
electrocatalysts.[123,124] In addition, the turnover frequency 
(TOF) values of Ni0/GDY and Fe0/GDY at 100 mV were 1.59 
and 4.15 s−1, which were also better than that of newly devel-
oped electrocatalysts, including CoP and Ni2P (0.046 and 0.015 
s−1).[108,123] Apart from excellent HER performance, Ni0/GDY 
and Fe0/GDY also exhibited strong durability, because they 
could stay high performance after successive 5000 cycles. 
Based on above-mentioned examples, GDY-supported elec-
trocatalysts indeed possess high activity for HER and we 
believe that more and more GDY-based electrocatalysts will be  
developed for electrochemical energy conversion and other 
energy-related applications.

3.2.2. Oxygen Evolution Reaction

OER is believed as the key procedure of some electrochemi-
cally energy-related transformation and storage technologies, 
including water splitting,[125] metal–air battery,[126] and regen-
erative fuel cell.[127] However, contrary to HER of cathode reac-
tion, OER occurred in anode is generally subjected to sluggish 
kinetics owing to the multistep proton-coupled electron transfer 
process, which is the biggest obstacle in energy conversion 
and storage.[128] Therefore, enhancing OER performance com-
monly needs to reduce the overpotential, expedite the kinetics, 
and strengthen the stability. Enormous endeavors have been 
devoted into this challenge and many excellent catalysts have 
been developed to meet this challenge.

In 2018, Yu and co-workers synthetized a new catalyst of 
GDY/NiFe-LDH using GDY as the promising support to pro-
mote the water oxidation ability through facile in situ growth 
method.[88] DFT calculation revealed that the distance between 
GDY and NiFe-LDH was 0.206  nm, which was shorter than 
the distance between reduced oxide graphene (RGO) and NiFe-
LDH (0.229  nm), suggesting a stronger chemical interaction 
between GDY and NiFe-LDH. Additionally, the adhesive energy 
of GDY/NiFe-LDH (−2.81 eV) was also more negative than that 
of RGO/NiFe-LDH, discovering its high stability. More impor-
tantly, the work function of GDY (5.13 eV) was higher than that 
of RGO (4.25  eV), signifying that transferring electrons from 
NiFe-LDH to GDY was more favorable. The aforementioned 
theoretical arithmetic announced that GDY/NiFe-LDH held 
much stronger chemical and electronic interaction compared to 
RGO/NiFe-LDH. Hence, the obtained GDY/NiFe-LDH hybrid 
material displayed outstanding OER performance and only a 
low overpotential of 260 mV was demanded to obtain catalytic 
current density of 10  mA  cm−2, which was the lowest value 
among RGO/NiFe-LDH (277  mV), CNT/NiFe-LDH (285  mV), 
NiFe-LDH (340  mV), and commercial RuO2 (390  mV). GDY/
NiFe-LDH nanocomposite also possessed the smallest 
Tafel slope (71  mV decade−1) and highest TOF (0.025  s−1) 
compared to RGO/NiFe-LDH (85  mV decade−1, 0.019 s−1), 
CNT/NiFe-LDH (97  mV decade−1, 0.015 s−1), and NiFe-LDH 
(169  mV  decade−1, 0.006 s−1), guaranteeing its advantageous 
electrocatalytic kinetics and intrinsically high activity. In addi-
tion, chronopotentiometry test indicated no obvious reduction 
of inessential voltage could be detected after successive opera-
tions (10 000 s). Furthermore, the durability measurement of 
GDY/NiFe-LDH was also conducted under different current 
densities and higher overpotentials, the result showed that this 
hybrid material still maintained stable overpotentials under 
different applied current densities and stable current densi-
ties under higher overpotentials. All of these could testify the 
high durability of GDY/NiFe-LDH nanocomposite. The excel-
lent catalytic performance, high durability, low cost, and mild 
preparation process rendered it with tremendous potentials in 
energy-related fields.

Recently, Zhang’s group also designed and fabricated a novel 
metalloporphyrin-based GDY analogue (Co-PDY) through 
Glaser-Hay coupling reaction.[129] The prepared Co-PDY 
owned broadened pore structure (2.34  nm), which could act 
as the fast transport channel for small molecules, benefiting 
for the improvement of catalytic kinetics. At the same time, 
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Co atoms in metalloporphyrin moieties structure supplied 
numerous catalytically active sites, and electrons migrated 
quickly through butadiyne linkages during catalytic reaction. 
Therefore, the obtained Co-PDY nanomaterial showed superior 
OER performance, which merely required a low overpotential 
of 270 mV to attain current density of 10 mA cm−2. Meanwhile, 
this Co-PDY nanomaterial also possessed small Tafel slope 
of 99  mV decade−1 and ultrahigh stability. Except for above-
mentioned catalysts, other GDY-based materials have been 
successfully developed for OER and exhibited amazing catalytic 
performance.[86,130]

3.2.3. Oxygen Reduction Reaction

Fuel cell, one of devices that directly converts chemical energy 
into electric energy, has been regarded as a promising tech-
nology to provide clean and sustainable energy for future.[131] 
However, this promising technology suffers from two 
great bottlenecks of low energy conversion efficiency and 
poor stability, which significantly prevent it from practical 
application (commercialization).[132] These bottlenecks mainly 

originate from the essentially poor kinetics of ORR and the 
low durability in acidic or alkaline electrolyte.[133] Accordingly, 
more energy should be devoted to exploiting high-performance 
catalyst to accelerate ORR kinetics and strengthen stability, 
thereby enhancing the whole energy conversion efficiency of 
fuel cell.

In 2018, Wu and his co-workers proposed a novel 
electrocatalyst of GDY-fastened single atomic level Fe atoms 
(Fe-GDY) by facile NaBH4 reduction method. DFT calculation 
and experimental validation verified that Fe-GDY was a remark-
able electrocatalyst for ORR.[134] The adsorption energy compu-
tation indicated that the fastened Fe atoms served as reactive 
sites and strongly interacted with ORR intermediate products 
rather than carbon atoms with sp2 hybridization in C6 ring or 
sp-hybridized carbon atoms in acetylenic-like rods because of 
its large spin and high positive charge (Figure 8a). In addition, 
the free energy calculation was also conducted to theoretically 
estimate ORR performance of Fe-GDY under equilibrium 
potential and applied certain overpotential. Result revealed 
that the free energy of Fe-GDY for rate-determining-step was 
much smaller than that of Pt (111) catalyst, suggesting that 
Fe-GDY possessed higher ORR performance compared to Pt 
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Figure 8.  a) Top side views of the atomic configurations of *OOH, *O, and *OH adsorbed on Fe–graphdiyne surface. Atomic color code: pale blue, 
carbon in the C6 ring with sp2 hybridization; green, carbon in the acetylenic-like rods with sp hybridization; orange, Fe; red, oxygen; and white, hydrogen 
atom. b,c) Calculated free energy diagrams of 4e− pathways of the ORR at the Fe–graphdiyne and Pt (111) catalyst surfaces at the equilibrium electrode 
potential U4e

0 (=0.455 V vs NHE, with η = 0 V) and at the experimental measured onset potential Uonset (=0.21 V vs NHE, with η = 0.25 V); d) Cyclic 
voltammetry (CV) responses of the Fe–graphdiyne catalyst (upper panel) and the commercial Pt/C catalyst (lower panel) in N2-saturated (blue line) 
and O2-saturated (red line) 0.1 m KOH solution at ambient temperature; e) Rotating disk electrode measurements in O2-saturated 0.1 m KOH solution 
for Fe–graphdiyne catalyst (orange), and commercial 20 wt% Pt/C catalyst (violet); f) the stability of the Fe–graphdiyne catalyst for ORR. Reproduced 
with permission.[134] Copyright 2018, American Chemical Society.
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(111) catalyst (Figure 8b,c). In addition, the experiment results 
showed that the cathode peak potential of Fe-GDY for O2 reduc-
tion was 53 mV, which was comparable to that of 20 wt% Pt/C 
catalyst (Figure 8d). However, Fe-GDY held much higher peak 
current of approximate 0.42  mA  cm−2, which was 1.68 times 
higher than that of 20 wt% Pt/C catalyst. Meanwhile, Fe-GDY 
possessed an identical Tafel slope with 20 wt% Pt/C, all above-
mentioned results discovered that Fe-GDY electrocatalyst pos-
sessed predominant electrocatalytic performance for ORR. In 
addition, Fe-GDY electrocatalyst also owned the onset potential 
of 0.21 V, half-wave potential of 0.10 V, kinetic current density 
of 6.70 mA cm−2, and rate constant of 1.47 × 10−5 (Figure 8e), 
which were equal to or even slightly higher than that of 20 wt% 
Pt/C catalyst. All of these indicated that the kinetics for ORR 
on Fe-GDY hybrid material was relatively high. Meanwhile, 
another essential factor (stability) for ORR was also investi-
gated, the result showed that there was vaguely negative shift 
of half-wave potential (11 mV) and trifling reduction of kinetic 
current density (8%) after accelerating durability tests (ADTs), 
confirming its ultrahigh stability (Figure 8f).

Furthermore, Lin’s group also pointed out that GDY-sup-
ported Pt nanoparticles was a superior electrocatalyst for ORR 
based on DFT calculations.[98] The results displayed that the 
adsorption energy between GDY and Pt nanoparticles was 
8.93 eV, which was 2.13 times larger than the adsorption energy 
between graphene and Pt nanoparticles (4.19  eV), revealing 
that anchoring Pt nanoparticles on GDY surface was more 
stable than that anchoring it on graphene. And the adsorptions 
of O2 molecule on Pt/GDY and Pt/graphene systems were 
also explored, the result revealed that O–O bond length in Pt/
GDY system (0.1299–0.1367  nm) was almost equal to that in 
Pt/graphene (0.1291–0.1354  nm). In addition, the electrons 
migrated from Pt nanoparticles to O2 were in the range of 
0.27–0.44 e in Pt/GDY system, which were also comparable 
to that in Pt/graphene system. In terms of aforementioned 
results, Pt/GDY electrocatalyst possessed great electrocatalytic 
ability for ORR in promising fuel cell technology. In considera-
tion of the superior optical and electrical features of GDY, more 
GDY-based materials will be developed for ORR.[62,135]

3.2.4. Overall Water Splitting

Electrochemical water splitting is regarded as a clean and 
sustainable route to generate hydrogen and oxygen for 
energy conversion.[136] Therein, OER plays the critical role 
in OWS since the energy conversion efficiency of OWS is 
commonly limited by four consecutive proton-and-electron-
transfer processes of OER, which generally results in sluggish 
kinetics and requires high overpotential to accelerate OER 
process. Therefore, exploiting bifunctional electrocatalyst for 
both OER and HER is of significance for driving OWS at low 
overpotential.[137] As discussed in Section  3.2.2, GDY-based 
catalysts showed excellent performance for OER, which were 
equivalent with state-of-the-art Pt/C electrocatalyst. Thus, GDY-
based materials also showed great potential for OWS.

In 2017, Li and his co-workers first used 3D GDY as sup-
port and NiCo2S4 as building blocks to synthetize a novel 
electrocatalyst.[138] This electrocatalyst not only exhibited 

high electrocatalytic performance for HER and OER, but also 
displayed remarkable electrocatalytic performance for OWS. 
As far as we know, NiCo2S4/GDY was the first GDY-based 
electrocatalyst that employed for OWS. As for OER and HER, 
NiCo2S4/GDY only needed the overpotentials of 308 and 
170  mV to achieve the current density of 20  mA  cm−1. When 
NiCo2S4/GDY was used as both anode and cathode material 
for OWS, it also exhibited prominent catalytic performance 
with the cell voltages of 1.53, 1.56, 1.61, and 1.67  V to reach 
current densities of 10, 20, 50, and 100 mA cm−2, respectively, 
which was much lower than that of NiCo2S4 NW/CC‖NiCo2S4 
NW/CC, GDY‖GDY, CC‖CC, and RuO2‖Pt/C. In addition, the 
catalytic performance of NiCo2S4/GDY was better than that 
of graphene and other carbon-material-based electrocatalysts 
which reported by previous studies (before 2017).[139] From this 
example, GDY-based electrocatalysts show great potential for 
OWS and more and more GDY-based materials are expected to 
be developed for OWS.

Very recently, Li and co-workers prepared a bifunctional 
catalyst of GDY-wrapped cobalt nitride nanosheets on Ni foam 
(CoNx@GDY NS/NF) through in situ growth method and 
employed it for OWS for the first time.[91] The DFT result sug-
gested that CoNx@GDY had a relatively small H2O activation 
energy (ΔG1, 0.45  eV), which was much smaller than that of 
benchmarked electrocatalysts such as Ni2P (1.16  eV) and 
NiMoP (0.84  eV) (Figure 9a,c).[140] It also possessed a small 
H adsorption energy of 0.05  eV, which was similar with Pt 
catalyst. All of these results suggested that CoNx@GDY cata-
lyzed HER proceeded an energy-favorable Volmer–Heyrovsky 
pathway, further revealing its high catalytic activity. In addition, 
the adsorption model of OER path revealed that the barrier 
from *OH to *OOH during OER process in CoNx@GDY 
system was 3.27 eV, which was in line with previously reported 
studies.[141] Meanwhile, the energy barrier of rate-determining 
step (generating *OOH) in CoNx@GDY system was 2.75  eV, 
these results disclosed its essential active feature (Figure 9b,d). 
The electrochemical performance test showed that CoNx@GDY 
NS/NF merely demanded the low overpotentials of 70 and 
260 mV for HER and OER to obtain the catalytic current density 
of 10  mA  cm−2, which were superior to that of CoNx NS/NF, 
Co-LDH NS/NF, pristine GDY, NF, and even Pt/C (Figure 9e,f). 
In addition, CoNx@GDY NS/NF also possessed the smallest 
Tafel slope of 83 and 84  mV decade−1 among CoNx NS/NF 
(122 and 104  mV decade−1), Co-LDH NS/NF (103  mV and  
94 decade−1), GDY (175 and 103 mV decade−1) and NF (120 mV 
and 233 decade−1) for HER and OER (Figure  9g,h), which 
confirmed its fast kinetics. More importantly, CoNx@GDY NS/
NF exhibited long-term durability since no palpable attenua-
tion of electrocatalytic performance can be observed before and 
after several thousand operations under the same condition 
(Figure  9i,j). Considering the high catalytic performance of 
CoNx@GDY NS/NF for HER and OER, CoNx@GDY NS/NF 
can be straightforwardly used as electrode materials for OWS at 
alkaline medium. The results displayed that CoNx@GDY NS/
NF only needed relatively low cell voltage of 1.48 V to achieve 
the current density of 10 mA cm−2, which was lower than that 
of other prepared materials and comparable to or even slightly 
superior to that of recently developed catalysts (Table 2).[142–156] 
Furthermore, this CoNx@GDY NS/NF also stayed almost high 
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current density of 10 mA cm−2 within 20 hours, further corrob-
orating its strong durability.

Moreover, Li and his co-workers also prepared another  
bi-functional catalyst of GDY-wrapped iron carbonate hydroxide 
nanosheet (FeCH@GDY).[87] The prepared FeCH@GDY nano-
material exhibited predominant HER and OER performance 
with small overpotentials of 148 and 260 mV at 10 mA cm−2. In 

addition, when employing FeCH@GDY/NF as electrode mate-
rials for OWS, it demanded cell voltages of 1.49 and 1.53 V to 
realize the currents of 10 and 100 mA cm−2 (Figure 9k). These 
were extremely low values among state-of-the-art electrocata-
lysts (Table 2), promulgating high performance of FeCH@GDY 
for OWS. More notably, long-term stability was detected in 
the FeCH@GDY||FeCH@GDY electrolyzer since no obvious 
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Figure 9.  Chemisorption models for the calculated free energies toward a) HER and b) OER processes; c) calculated free energy diagram for H2O 
activation and H adsorption in alkaline condition; d) free energy diagram for OER in alkaline media; e–f) polarization curves; g,h) corresponding Tafel 
plots of as-synthesized samples for HER and OER in 1.0 m KOH; i) polarization curves of CoNx@GDY NS/NF before and after 10 000 cycles (inset: 
time-dependent current density curve of CoNx@GDY NS/NF at an overpotential of −72 mV vs RHE for 110 h); j) polarization curves of CoNx@GDY 
NS/NF before and after 2000 cycles (inset: time-dependent current density curve of CoNx@GDY NS/NF at an overpotential of 280 mV versus RHE 
for 20 h. Reproduced with permission.[91] Copyright 2019, Elsevier B.V. k) CV curves for as-synthesized samples in a two-electrode system; l) time-
dependent current density curves of FeCH@GDY/NF at 10  mA  cm−2 in an alkaline electrolyzer. Reproduced with permission.[87] Copyright 2018, 
American Chemical Society.
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overpotential reduction can be observed after 90 000 cycles 
(Figure  9l). Meanwhile, SEM measurement revealed that 
the morphology did not change after successive operations, 
further indicating the robust structure of FeCH@GDY/NF. In 
a word, the emergence of 2D single-layer GDY offered innova-
tive tactic to design and prepare low-price, high-performance, 
and strongly stable catalysts for HER, OER, and OWS, thereby 
providing clean and sustainable energy for future.

3.2.5. Nitrogen Reduction Reaction

Ammonia (NH3) has been widely believed as the synthetic 
building blocks of manufacturing synthetic chemicals.[157] 
In addition, NH3 is also considered as a promising energy 
carrier in today’s low-carbon society because of its high 
hydrogen content (17.6  wt%) and gravimetric energy density 
(4.3 kW h kg−1).[158] The ever-increasing NH3 requirement has 
provoked great enthusiasm for artificial N2 fixation.[159] Up to 
present, the NH3 synthesis is primarily dependent on Haber-
Bosch process, while the huge energy input, low throughput, 
large greenhouse gas emission, and serious preparation pre-
requisite increase its operating costs.[160] Electrochemical NRR 
from N2 and H2O with facile requirement is a potential channel, 
which could achieve sustainable and high yield of NH3.

In 2019, Huang’s group first fabricated GDY-supported 
zerovalent molybdenum atoms catalyst (Mo0/GDY) and applied 
it to NRR under acidic and alkaline conditions.[115] The bonding 
and antibonding orbitals around Fermi level demonstrated that 
zerovalent Mo atoms were active sites. The Mo atoms migrated 
charge and amended charge allocation from C sites, thereby 
acting as electronic-rich cores to accelerate electron migra-
tion. Besides, NRR result showed that the Faradaic efficiencies 

(FEs) of Mo0/GDY electrocatalyst varied in the range of 
114–146 µg h−1 mgcat.−1 and NH3 yield rates (Yr) changed from 
15.2% to 21.0% (Figure 10a–d), which were comparable to that 
of newly developed catalysts.[161] Moreover, no NH3 was observed 
in Ar-saturated 0.1 m HCl electrolyte and GDY displayed slight 
performance for NRR (Figure 10e,f), confirming that the gener-
ation of NH3 was originated from N2 reduction by Mo0/GDY. In 
addition, other nitrogen compounds (for example, N2H4) could 
not be detected in this system, revealing the high selectivity of 
this hybrid material. Various characterizations showed that Mo 
atoms on GDY were stable and well-preserved during electro-
catalytic measurement, which suggested the ultrahigh stability 
of this Mo0/GDY composite. Besides, the NRR measurement 
was also carried out at acid environment (0.1 m HCl electrolyte). 
Compared to pristine GDY, Mo0/GDY showed superior electro-
catalytic performance with Yr of 2.0 µgNH3

h−1 mgcat.
−1 and FEs 

of 15.6% at −0.1  V (Figure  10g–i). The above-stated evidences 
discovered that GDY-supported materials exhibited huge  
foreground for NRR.

4. Conclusion and Prospect

GDY, a novel 2D carbon material with sp- and sp2-cohybrid-
ized carbon atoms, is a new member of carbon allotropes. 
After successful preparation, GDY has attracted tremen-
dous interest owing to its laminated structure, high degree 
π-conjugation, regular ordered pore structure, and tunable 
electronic structure. In addition, the natural bandgap and 
Dirac cones structure of GDY also arouse huge attentions 
and many researchers have devoted efforts to investigating its 
physical and chemical properties and various applications. In 
this work, we have summarized the structures and properties 
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Table 2.  The overall water splitting of FeCH@GDY/NF compared to state-of-the-art catalysts.

Catalysts Electrolyte Current density [mA cm−2] OER overpotentials [mV] HER overpotentials [mV] EJ = 10 [V] Times [h]

Ni3FeN/r-GO[142] 1.0 m KOH 10 270 94 1.60 100

Co0.9S0.58P0.42
[143] 0.5 m H2SO4 10 266 139 1.59 30

CoSn2
[144] 1.0 m KOH 10 299 196 1.55 16

PdP2@CB[145] 1.0 m KOH 50 270 46.6 1.72 10

Co-P/NC[146] 1.0 m KOH 165 319 −154 2.00 24

CF@FeCoS/NC[147] 1.0 m KOH 10 228 89 1.60 24

Ir6Ag9 NTs/C[148] 0.5 m H2SO4 10 285 20 1.55 6

EBP@NG[149] 1.0 m KOH 10 310 125 1.54 12

CoFe@NiFe/NF[150] 1.0 m KOH 10 190 240 1.59 24

Co(OH)2@NCNTs@NF[151] 1.0 m KOH 10 270 170 1.72 600

Ni3N-VN/NF and Ni2P-VP2/NF[152] 1.0 m KOH 10 220 37 1.51 100

N-NiMoO4/NiS2
[153] 1.0 m KOH 10 283 99 1.60 20

Fe, Co-NiSe2
[154] 1.0 m KOH 10 251 92 1.52 30

NF-Ni3S2/MnO2
[155] 1.0 m KOH 10 260 102 1.52 48

EG/H-Co0.85Se|P[156] 0.01 m Na2SO4 10 – 150 1.64 2

CoNx@GDY[91] 1 m KOH 10 260 70 1.4 20

FeCH@GDY/NF[87] 1 m KOH 10 260 148 1.49 –
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of GDY, which include molecular structure, electronic prop-
erties, mechanical properties, and stability. Based on these 
properties, we have discussed the feasibility of GDY as a 
support for electrocatalysts. Then, various GDY-supported 
electrocatalysts are reviewed and the roles of GDY in these 
hybrid materials are highlighted. Concretely, the presence of 
GDY can enhance the transfer efficiency of charge carrier, 
improve the dispersion, increase the electrical conductivity, 
and accelerate the mass transport. Finally, the electrochem-
ical applications of GDY-supported electrocatalysts for energy 
conversion are first reviewed, and results reveal that GDY-
supported electrocatalysts possess high performance for 
various electrochemical applications, including HER, OER, 
ORR, OWS, and NRR.

Although some achievements have been made for GDY-
based electrocatalysts in energy conversion, researches in this 
field are still at their primary stage and many challenges and 
chances still exist. First of all, it is urgent to develop tech-
niques for synthetizing large-scale, high-level, and afford-
able GDY and GYs, thereby providing stabile foundation for 
theoretical studies and practical applications. Secondly, except 
for GDY, the fabrication methods of other GYs with different 
acetylene linkages such as GY, GY-3, and GY-4 are still in 

the theoretical stage. Therefore, it is worth looking forward 
to obtaining GY, GY-3, and GY-4 with tunable structures and 
properties from laboratory. Thirdly, more state-of-the-art char-
acterization techniques should be employed to thoroughly 
understand the connection among structure, property, and 
performance from molecular level and even atomic level. 
Fourthly, other modifications such as doping and surface 
functionalization should be explored to modify GDY with 
desired band gap, electronic properties, mechanical proper-
ties, and optical properties. Finally, the application scopes of 
GDY should not be limited to energy conversion. Because 
GDY also exhibits great potentials in other applications such 
as sensor, drug carrier, gas separation, battery, supercapacitor, 
and seawater desalination, but current researches in these 
aspects are in their infancy and lots of efforts are still needed 
to devote. In other words, more efforts should be invested 
to exploit GDY-based material for practical application. We 
believe that all challenges and shortcomings can be con-
quered and GDY-based material will be applied to various 
practical applications. We hope that this work could offer in-
depth understanding of GDY for readers and give an available 
guidance for the fabrication and application of GDY-based 
materials in related domains.

Adv. Energy Mater. 2020, 2000177

Figure 10.  Electrochemical NRR performance of Mo0/GDY electrocatalyst. a) UV–vis absorption spectra of the 0.1 m Na2SO4 electrolytes after 
electrochemical NRR at different potentials for 2 h; b) FEs and c) YNH3

 at different applied potentials in 0.1 m Na2SO4; d) YNH3
 and FEs of NH3 production 

of different batches of Mo0/GDY electrocatalyst; e) UV–vis adsorption spectra of Mo0/GDY electrocatalyst tested under N2 (red line)-saturated and Ar 
(black line)-saturated electrolytes; f) amounts of NH3 generated with pure GDY and the Mo0/GDY electrocatalyst after 2 h of electrolysis at −1.2 V under 
ambient conditions; g) FEs and h) YNH3

 at different applied potentials in 0.1 m HCl; i) amounts of NH3 generated with pure GDY and the Mo0/GDY 
electrocatalyst after 2 h of electrolysis at −0.1 V under ambient conditions. Reproduced with permission.[115] Copyright 2019, American Chemical Society.
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